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ABSTRACT 
Title: Off-Grid Public Lighting System—Design and Characterization of 
an LED Luminaire 
Author:  Quanghuy Le 
  
 The technological advances made in the photovoltaic industry have led to 
a vast exploration of self-sustaining systems.  As the consumer demand for 
electricity rises from increasing population and development of existing 
technologies, new practices in system designs are required to relieve the impact 
on the electrical grid.   
 This thesis delves into a developing concept of using photovoltaic 
modules for roadway lighting, with emphasis on establishing the fundamental 
design for a “spot-lighting” luminaire.  By effectively extinguishing various 
sections of the luminaire in the absence of pedestrian trafficking, the proposed 
design and implementation will minimize the prolonged costs, as well as the 
overall power consumption.  Furthermore, as the first stage in development, this 
thesis includes justifications for design and part selection, while complying with 
numerous requirements set forth by the City of Los Angeles and in accordance 
with regulations established by the Illuminating Engineering Society of North 
America (IESNA).  To accomplish these goals, copious amounts of performance 
tests and simulations, both before and after system implementation, will 
characterize the overall feasibility of the stand-alone lighting application. 
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CHAPTER 1—INTRODUCTION 
Utilizing a sectionalized controlled luminaire provides a solution to the 
energy and pollution problems associated with current roadway lighting 
technology.  In order to advocate the necessary development in off-grid lighting, 
the overall luminaire system will address the excessive costs, robustness, and 
energy efficiencies of existing street lights.  By effectively limiting operational time 
and creating a self-sustaining system, the design will reduce the amount of 
excess lighting during the night and eliminate the need for grid-connected 
roadway lighting. 
This thesis introduces the first stage in a new lighting system design.    
Chapters 2 and 3 establish the foundation for the integration of a photovoltaic 
module for the stand-alone system and address concerns associated with LED 
lighting.  These chapters will also introduce preliminary determining factors in the 
placement of the system, as well as, several specifications for roadway 
illumination set forth by the IESNA. 
The justification for the part selection and overall luminaire layout are 
thoroughly described in Chapter 4.  With the precedents for new LED fixtures in 
Los Angeles, the criteria form a basis for determining the quantity of LEDs and 
layout configurations in order to achieve adequate lighting over desired ranges.  
Additionally, introduction to the mathematical factors associated with determining 
illumination distribution of lighting and calculations involved with power 
consumption for various inputs serve as further evidence as to why particular 
parameters were chosen to optimize the system design. 
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Using a renewable source of energy, solar power, the generated energy 
will be integrated with a rechargeable battery.  Thus, Chapter 5 evinces 
photovoltaic module and battery selection through energy sizing calculations that 
include degradation of nominal system operations to allow for extended 
performance.  Sample calculations will provide substantial proof for determining 
operational duration of the system during the night. 
From the information determined in Chapters 4 and 5, Chapter 6 indicates 
associated intermediate stages for powering the luminaire and monitoring the 
state of charge for the battery.  Simulations and experimental tests provide 
sufficient characterization of a designed charge controller and two isolated 
DC/DC converters. 
Lastly, Chapters 7 and 8 explain the implementation of experimental 
photometric tests to characterize the designed luminaire.  These tests will serve 
as a comparable measure to the illumination specifications set by the IESNA and 
allow a viable mean of contrasting differences between the designed and existing 
luminaires.  With the fundamental design criteria in place, a cost analysis will 
show the overall savings associated with the designed system.  This information 
will provide the first steps for the next individual to create a feedback detection 
system.  
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CHAPTER 2—PHOTOVOLTAIC BACKGROUND 
2.1—Introduction to Photovoltaic Cells 
 Solar energy has been around since the planet was created.  However, 
not until the recent decades has solar energy and its inexhaustible resource been 
accepted as a form of usable energy.  Originating from the Greeks as a method 
of heating their homes, solar energy has dramatically evolved into a source for 
powering towns and cities.   
As the economic growth within the photovoltaic industry has grown, solar 
energy and the associative technology have allowed harvesting energy directly 
from sunlight to be recognized as a necessary component in future global energy 
production [1].  Due to the finite supply of fossil fuel sources and the 
environmental effects of long-term carbon-dioxide emissions, the technological 
development of harvesting renewable energy has greatly increased over the past 
decade.  Within the following sections, an introduction to solar module placement 
and photovoltaic uses will provide a solid background for the later chapters, 
where module selection and sizing selections are made. 
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2.2—Solar Cell Orientation 
One of the most important factors to consider when designing a 
photovoltaic system is the location of placement.  By understanding the 
parameters associated with the module’s tilt, one could optimize the 
effectiveness of the system to alleviate sizing and costs. 
 More specifically, the location of placement describes the amount of 
irradiance the solar panel will be exposed to.  Irradiance is defined as the power 
per unit area of electromagnetic ration at a surface.  As an instantaneous 
quantity, irradiance is normally used to describe the intensity of sunlight, which 
typically dictates the amount of light energy being converted at any point of the 
day [2]. 
2.2.1—Peak Sun Hours 
In regards to irradiance, irradiation is normally expressed in terms of peak 
sun hours—the amount of solar radiation energy expressed in hours of full 
sunlight per square meter.  Peak sun hours represent the average amount of sun 
light available per day throughout the year and correspond to the length of time in 
hours at an irradiance level of 1 kW/m2 needed to produce the daily irradiation 
[2]. 
 In order to illustrate the variation between the daily amounts of peak-sun 
hours between different areas within California, Table 2-1 summarizes a study 
conducted by the Regional Economic Research and California Energy 
Commission.  This table describes the amount of observed daily average energy 
and irradiance for the main area of interest, Los Angeles, CA [3].  Los Angeles is 
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selected for the designed luminaire due to the plentiful amount of sunlight and 
the higher concentration of streetlights that currently reside within the area. 
Table 2-1: Energy production and analysis of photovoltaic sites in California [3] 
 
 Measuring the daily average irradiance produces a good measure in 
determining ideal locations to place solar panels.  However, when sizing a 
system to determine how much power is generated based on a specific solar 
panel, peak-sun hours are a more effective measure in describing the theoretical 
power output from a panel.  In order to calculate the amount of peak-sun hours, 
the average observed daily irradiance in Monrovia (within the greater Los 
Angeles area) from Table 2-1 will be distributed over the irradiance level of 1 
kW/m2 as shown in equation (2.1). 
    
       
.  !"#$
% !#$
 5.6 
 (2.1) 
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The peak-sun hours calculated over a six-month span are determined as 
5.6 hrs.  This value will serve as a method of calculating the theoretical amount 
of power generated by any sort of solar panel in Chapter 5 and will help in 
deciding which solar panel to select based on the necessary power required by 
the luminaire. 
2.2.2—Tilt Angle 
 The tilt angle, typically denoted by the Greek letter φ, represents the solar 
panel’s angular displacement, from the horizontal axis, to achieve the most 
irradiance throughout the day.  Solar panels are generally directed at the solar 
south in the northern hemisphere and solar north in the southern hemisphere 
with respect to the tilt angle [4].  As the seasons change, the angle of the solar 
panel can be readjusted between +15º or -15º of the location’s latitude; however, 
to not discriminate from a location’s ability to obtain a higher level of irradiance 
during one season than another, most solar panels are tilted at an angle equal to 
the location’s latitude. 
 Figure 2-1 provides an idea how the variation between tilt angle and solar 
radiation are related through the twelve months.  As shown by the data collected 
over a thirty year span in Los Angeles, CA, the solar panels received the most 
irradiance when tilted with an angle equal to the latitude (33.93º) [4]. 
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Figure 2-1: National Renewable Energy Laboratory solar radiation analysis of Santa Maria, CA 
between 1961 and 1990 [4] 
2.3—Factors Hindering Solar Production 
 Many environmental problems exist that could significantly lower the solar 
production of a photovoltaic system.  These obstructions can cause the total 
solar irradiation to decrease and thus, lower the amount of sunlight being 
converted into electrical energy.  Identifying these problems can help design 
potentially a larger system to accommodate for the surrounding environment or 
allow for the relocation of where the system should be placed. 
2.3.1—Air Mass 
In regards to the weather affecting the photovoltaic system’s operation, air 
mass is characterized by water vapor and temperature in a large volume of air.  
A marine layer is an air mass that develops over the surface of a large body of 
water as the ocean encounters a temperature inversion [2].  
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The amount of sunlight either absorbed or scattered depends on the 
length of the path through the atmosphere.  Since this path length is generally 
compared with a vertical path directly to sea level, determined by the air mass = 
1, the amount of irradiance will ultimately be affected by changes in the air mass.  
To put values into perspective, refer to the equation (2.2) below: 
 ()*+  1367/0.71/213.456 (2.2) 
Thus as the air mass increases, the solar irradiance will decrease and 
thus, lowering the actual amount of power being outputted. 
2.3.2—Soiling 
Soiling in photovoltaic systems is one of the largest contributors to losses 
under the control of the system operator.  The accumulation of dirt on solar 
panels can significantly impact the performance of photovoltaic systems in arid 
regions where rainfall is limited for several months.  Specifically speaking, this 
problem mainly affects the Southwest regions of the United States. 
According to a study of over fifty large, grid-connected photovoltaic 
systems, soiling rates (the rate at which the system’s output power at standard 
testing conditions declines each day due to the accumulation of dirt on the 
panels) were approximately linear over time for periods without rainfall.  The 
results of this study indicate that the average performance loss due to soiling in 
dry climates occurs at a rate of 0.0011 kWh/kWp/day without rainfall.  This soiling 
rate, over a linear period of time, equates to between 2 – 6% of annual energy 
loss as charted in Figure 2-2 [5]. 
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Figure 2-2: Average annual soiling loss rates by region [5] 
2.3.3—Shading 
Another important aspect to consider when positioning a photovoltaic 
system is the impact of shading on the module.  In more populated areas, 
shading can be derived from tall buildings, trees, roof vents, or any item that 
creates a diffused or dispersed shadow based on the positioning of the sun 
throughout the day.  Described in further detail within this section, any form of 
shading can significantly decrease the productivity received from a photovoltaic 
module. 
Shading obstructions are typically classified as either soft or hard sources.  
Soft sources significantly reduce the amount of light reaching the cell(s) of a 
module (dispersed shadowing); whereas hard sources completely stop light from 
reaching the cell(s) (i.e. tree branch, bird dropping, or objects directly sitting on 
top of the module).  If even one full cell is hard shaded, the voltage of that 
module will drop to half of its unobstructed value.  The reason for this drop is due 
to the finite resistance inherent in the forward direction of the solar cell.  When 
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exposed to sunlight, the diode’s internal resistance within in a solar cell 
increases.  From general electrical engineering practices, current is known to 
flow through the path of least resistance.  Since solar cells are orientated in 
series string connections, when a cell in the series string is shaded the 
resistance in that cell increases tremendously, making the bypass diode the path 
of least resistance.  Therefore the current will follow the path of least resistance, 
shunting the power through the bypass diode and through an alternate path 
around the photovoltaic cell to another cell in the string [6].   
 
Figure 2-3: Examples of shading impacts on power production [6] 
 If enough cells are hard shaded, the module will not convert any energy 
and will, instead, drain energy from the entire system.  From Figure 2-3, whether 
half of a cell or half a row of cells is shaded, the power decrease will be 
approximately the same and proportional to the percentage of area shaded.  
When a full cell is shaded, it can act as a consumer of energy produced by the 
remainder of the cells in the string and trigger the module to protect itself by 
routing the power around that series’ string.  Further results of shading show that 
if even one full cell in a series is shaded, it will likely cause the module to reduce 
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its power level to half of its unobstructed value and if a row of cells at the bottom 
of a module is fully shaded, the power output may drop completely to zero.  
Although not seemingly obvious, photovoltaic modules are very sensitive to 
shading—even the branch of a leafless tree can cause the module to have a 
significant decrease in productivity.  Thus from a design perspective, shading 
should always be avoided whenever possible to allow the best photovoltaic 
system operation [6].  
2.4—Solar Uses and Applications 
 Solar energy can be used in many different ways such as heating, lighting, 
or generating electricity.  Of these uses, solar energy is categorized as either 
passive or active based on how the energy is used.  Passive energy refers to the 
use of the sun’s heating ability to provide warmth in certain areas or to reduce 
the amount of energy used for daytime lighting by exposing sunlight in various 
locations.  Active energy is more widely recognized by the vast public and refers 
to the storing and energy conversion for electrical or thermal uses [7].  Within this 
section, a few solar energy uses will be discussed. 
2.4.1—Solar Heating 
 Solar heating, as mentioned above, is a form of passive energy.  Although 
solar heating does not generate electricity per se, it shares the same effect on 
the electrical grid as active energy in terms of conservation or reducing the need 
for other forms of energy, such as natural gas and oil.  From 1998 to 2005, the 
solar water heating market produced about the thermal equivalent of 124,000 
megawatt-hours of energy annually [8].   
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2.4.2—Solar Electricity 
 Solar electricity can be thought of in small or large scale systems.  Within 
larger photovoltaic networks, solar energy is thought of as a method of reducing 
the load used by consumers during peak-hours of the day.  Without an additional 
form of energy generation present during periods of high demand, the electric 
grid can sometimes become overloaded and endure potential blackouts.  On the 
other hand, smaller systems that utilize storage devices, such as batteries, are 
used in conjunction with photovoltaic modules, eliminating the need for the 
system to be tied into the electrical grid.   
The reduction in cost and need for installation of grid interconnects has 
allowed numerous forms of solar applications to develop.  In rural and 
underdeveloped countries, the need for stand-alone photovoltaic systems 
persists due to the absence of electricity.  For instance, applications such as 
small photovoltaic arrays are now being implemented in third-world countries, 
where electrical grids are located hundreds of miles away.  Even within the 
United States, lighting and roadway signs have incorporated solar energy and 
the associated storage devices as a method of isolation from the electrical grid.  
The low energy demand allows exploration into future self-sustaining devices and 
serves as a basis for the transition into the primary focus of this thesis—a solar-
powered luminaire. 
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CHAPTER 3—OPTICAL LIGHTING BACKGROUND 
3.1—Introduction to Light Emitting Diodes 
 Over the past thirty years, the criteria for evaluating public lighting systems 
have become much more extensive in order to improve public approval.  Energy 
consumption, maintenance costs, minimization of light pollution, the feeling of 
added security, and aesthetically pleasing designs have become just as 
important as light output and the lifespan of the lamp [9].  As advancements in 
optical engineering have improved, the development of Light Emitting Diodes 
(LEDs) serves to address the economic and problematic issues with existing 
lights.   
3.2—LED Comparison with Other Lighting Means 
 When evaluating LEDs with other forms of conventional lighting, cost, 
efficiency, durability, and longevity, this comparison can help clarify the 
advantages and disadvantages of LEDs in numerous applications.  As a new and 
upcoming technology, LEDs continue to face challenges that make it inferior to 
incandescent or other types of lighting.  However, when LEDs become more 
widely recognized and used, other forms of lighting will soon become obsolete. 
3.2.1—Advantages of Using LEDs for Lighting 
Primarily speaking, the main determinants for the cost of traditional 
incandescent lighting come from the cost of replacing the bulbs and the labor 
involved.  Although labor may not seem like a significant issue from a 
homeowner’s point-of-view, large businesses, schools, and hospitals require 
continual maintenance of the fluorescent lights.  The amount of time and effort 
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required to replace each individual light becomes inefficient due to the continual 
maintenance. 
 In relation to cost, the efficiency of a lighting solution plays an important 
factor in how much money would be paid each month for operating a particular 
light source.  The core attribute of LEDs is the reduced power consumption over 
conventional lighting solutions.  Typically an LED circuit can approach an 
average of 80% efficiency—meaning 80% of the electrical energy is converted 
into light and the remaining 80% is lost as heat dissipation in current drivers [10].  
Comparing the efficiency of LEDs with incandescent bulbs, incandescent lights 
dissipate 80% of the electrical energy as heat.  Due to the high efficiency of 
LEDs, one example of the growing application of LEDs is in traffic lights.  A red 
traffic light draws about 10 watts of power versus its incandescent counterpart 
that consumes 150 watts.  From this analysis, it has been estimated that 
replacing incandescent lamps in all of America’s 260,000 traffic signals could 
reduce energy consumption by nearly 2.5 billion kWh.  The initiative has already 
been put in place and as of 1997, more than 150,000 signal lights were retrofitted 
to include LEDs [11]. 
 From a design standpoint, LEDs are very flexible in their packaging.  Due 
to their miniature sizes, LEDs can be rearranged to provide directional lighting 
based on specific applications.  In addition to their solid state design, LEDs are 
very rugged and contain no components that can be altered or damaged due to 
sudden shocks and movements.  To place these design features into 
perspective, LED lamps are able to withstand a 100,000 hours of use or 
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equivalent to 11 years of continuous operation [11].  
 Knowledge of LED design and optical capabilities provide substantial 
reason to believe that LEDs would be suitable for this thesis.  Since LEDs have a 
much higher efficiency, the electrical energy generated from the solar panels will 
be optimized since a vast majority of the energy will be used for lighting 
purposes, rather than dissipated as heat.  In addition, since LEDs provide great 
directional lighting due to their optical design, they would be great for spotlighting 
due to the directional focused light molecules with minimal losses and diffusion.   
3.2.2—Disadvantages of Using LEDs for Lighting 
LEDs contain numerous advantages when it comes to cost and efficiency; 
however these advantages also contain flaws when considering their functionality 
and immediate costs.  For instance, although LEDs will save more money in the 
long run, the initial price is much higher than its incandescent counterpart.  In 
addition, LEDs are very directional as explained in the previous section; thus to 
provide the necessary amount of lighting, more LEDs are required to provide 
lighting in all directions.  Since more LEDs are involved, the resulting light can be 
grainy (mini beams of light on the wall, floor, or ceiling) due to their narrow angle 
of transmittance. 
 From a manufacturing point-of-view, LEDs have no true standardization—
meaning there is no specific guideline on how to design a LED.  This problem 
raises the concern about maintaining the specialized form of technology for 
future use.  Furthermore, LEDs are very sensitive to voltage fluctuations; 
therefore using LEDs for applications where the voltage tends to differentiate can 
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cause heat fluctuations that could reduce the lifespan and light output from the 
LED [12].    
 The listed disadvantages discriminate against LED lighting based on the 
amount of years the technology has existed.  LEDs have only been recently 
recognized as a viable form to providing light for a vast amount of applications; 
thus the ability to classify all the new developments within LED lighting as 
appropriate or not is nearly impossible.  However as the technology further 
progresses at its current rate, industry standards and regulatory requirements by 
the Department of Energy and IESNA for new luminaire fixtures will surely arrive.  
In addition, as the complex structures of LEDs will further be analyzed and 
explored, material and manufacturing developments will also improve and thus, 
drive down the cost of purchasing LED luminaires. 
3.3—Justification for Using LEDs for Roadway Lighting 
LED street light installations have already been tested all around the world 
as a method to soon replace the less efficient high pressurized sodium and 
mercury vapor fixtures.  As described through the previous section, the 
advantages associated with solid-state lighting have allowed its growing adoption 
as a viable lighting source in today’s society.  As a method of comparing a LED 
fixture with two dominant forms of existing street lights, Table 3-2 summarizes 
the performance of each fixture. 
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Table 3-1: Performance results of LED versus conventional street lamps [13] 
 
 Just from the data alone, major discrepancies can be seen from the listed 
performance parameters.  As far as the power consumption is concerned, the 
LUXEON Rebel (LED fixture) consumes the least amount of power during 
operation.  In addition, the efficacy (or essential lumens outputted per watt of 
power) for the LUXEON Rebel is much greater than the Mercury Vapor.  The 
higher efficacy from the High Pressure Sodium fixture is misleading due to the 
inclusion of wasted light dispersed in various directions.  The next important 
parameter to discuss is the light distribution ratio between the minimum and 
average illuminance over the intended area of lamination.  The higher ratio for 
the LED fixture indicates that the luminaire is more controllable and directional 
than the other counterparts.  Lastly, in terms of the advantages in maintenance 
and replacement costs, the LED fixture far surpasses the high pressure sodium 
and mercury vapor lamps (60,000 hours versus the overall range of 6,000 – 
30,000 hours).   
 With the supporting performance comparison between a LED street light 
and the two existing conventional forms of lighting available, the transition to LED 
lamps is imminent.  These evaluated parameters further justify the need to 
improve on LED luminaire designs.   
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CHAPTER 4—LED FIXTURE DESIGN 
4.1—Design Concept and Goals 
Roadway lighting is essential for public safety; thus, the designed LED 
fixture must supply the proper illumination specified in the Chapter 3.  For the 
initial criteria, several guidelines for the designed fixture follow specifications set 
forth by the City of Los Angeles.  The following sections describe the approach 
and justification for the selection of LEDs used for the design. 
The goal of the fixture will be to achieve the proper illumination over the 
listed range specified by the Bureau of Street Lighting in Los Angeles City.  
Distinctive from the conventional method of having a light source remain on 
through the duration of the night, the design will incorporate numerous sections 
that will discretely turn on based on which area requires lighting.  Each section of 
the designed luminaire will emit a narrow beam of light that will provide 
directional lighting or spot-lighting as pedestrians walk within the designated 
vicinity.  The future design of the detection system will use pre-established 
thresholds that will trigger various regions of the luminaire based on the 
individual’s location from the fixture.  Therefore, different from existing roadway 
light fixtures, the designed system will effectively extinguish all sections of the 
luminaire when no pedestrians are present.   
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4.2—Choosing the LED Type (High-Power versus Low-Power) 
As mentioned above, the LEDs chosen for this design are strictly through-
hole (low-power).  This selection is not typically used in modern lighting 
techniques due to their lower individual light outputs and light depreciation over 
long periods of time.  However, for the proposed application, low-power LEDs 
provide the necessary characteristics needed to accommodate the basis of the 
design.  With the low power consumption by individual LEDs, additional factors, 
such as heat sinks, can be eliminated from the design.   
 High-power LEDs are characterized by the amount of driving current 
required to turn on the solid state device.  Typically used in lighting applications, 
high-power LEDs generally draw more than 350 mA per device as opposed to 30 
mA for low-power LEDs.  The ten-fold difference in current requires a method of 
managing the heat dissipated by the high-power LED.  Heat sinks will be 
necessary for each high-power LED and contribute to the overall cost, weight, 
and size of the system.  In addition to the amount of current required to turn on 
the LED, high-power LEDs tend to have a larger half-beam angle that can range 
anywhere between 30 to 60 degrees; whereas low power LEDs can have much 
narrower half-beam angles that range between 10 and 60 degrees.  For the 
luminaire to incorporate sectional lighting, the chosen LEDs must have as narrow 
of a beam width as possible in order to provide directional lighting. 
 Lumen depreciation of LEDs is an important aspect when dealing with 
devices that are constantly biased and remain in the on-state position.  LEDs do 
not fail abruptly; however they dim over time so an LED rated with a specified 
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lumen rating will output less lumen after being used for hundreds of hours.  The 
lumen depreciation for LED ranges based on the color of light outputted due to 
the differences in band-gap and wavelength of light.  Figure 4-1 shows the lumen 
depreciation of LEDs as a percentage of the rated value over various lifetimes for 
bright white LEDs.   
 
Figure 4-1: Lumen maintenance data at room temperature for two types of white LEDs: curve (a) 
describes a 5-mm white LED driven at 20 mA; curve (b) is for a high power white LED [14] 
As mentioned for the design, the LEDs will not constantly be illuminated; 
thus, the stress condition for the LED is less than the testing conditions used for 
determine the lumen depreciation shown in the above figure. 
Besides the difference in lumen depreciation between high- and low-
power LEDs, the effect of a LED failing to operate must also be taken into 
account.  For instance, assume twenty LEDs are required to provide the same 
lumen output of a high power LED.  If an individual low power LED was to fail, 
only one string should turn off—effectively reducing the light outputted.  On the 
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contrary, if the high power LED was to fail, this would render the section of the 
light to completely be nonoperational. 
4.3—Basic Guidelines for City of Los Angeles LED Luminaires 
Provided from the Bureau of Street Lighting, the criteria listed in this 
section summarize the general specifications for solid state lighting LED roadway 
luminaires to replace equivalent luminaires of 100 W high-pressurized sodium 
streetlights.  The following tables summarize the criteria used in determining the 
proper low power LEDs, size of the luminaire enclosure, mounting space, and 
amount of LEDs necessary to meet the lumen requirement. 
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Table 4-1: Bureau of Street Lighting luminaire requirement for solid state roadway lighting [15] 
 
  
Table 4-2: Bureau of Street Lighting LED module/array requirements [15] 
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Table 4-3: Bureau of Street Lighting roadway application requirements [15] 
 
As mentioned earlier, these standards only serve as a general basis for 
the design.  Since several criteria listed only apply to high power solid state 
devices and luminaires that operate solely in two different modes: ‘ON’ or ‘OFF’.  
One of the guidelines specifies a minimum of 70% of initial lumen output after 
50,000 hours of use; however for the directional method proposed, the overall 
time that the LEDs will operate will depend on the amount of traffic (pedestrians) 
at any given time.  In comparison to the conventional LED roadway luminaires 
that are constantly ‘ON’, the life-time of the devices will depreciate at a 
comparable rate to the low power LEDs, which will only turn on based on the 
detection scheme. 
In addition to transitioning to LED luminaires, the Bureau of Street Lighting 
has several energy requirements (Table 4-4) and existing roadway 
characteristics that will be useful in determining the curvature for the LED 
mounting surface (Table 4-5).  For the intended replacement, the LED luminaire 
should consume less than 85 W for replacing the 100 W HPS fixture (described 
in Table 4-1); however this value is adjustable due to the fact that these systems 
are interconnected with the grid. 
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Table 4-4: Maximum LED power consumption to achieve the desired energy savings [16] 
 
Table 4-5: Illumination requirements for typical roadway characteristics [16] 
 
 The 100 W HPS system requirements in Table 4-5 show the design 
constraints for the proposed system.  The main criteria of interest is based on the 
type of roadway (Local) and the roadway/sidewalk widths, 30’ – 36’ and 10’ – 12’, 
respectively.  The difference between the widths will be illustrated in section 4.6. 
4.4—Justification for LED Selection 
The initial starting point of the design begins with determining the type of 
LEDs to use for roadway lighting.  The selected LEDs should have a relatively 
small beam angle, strong light intensity, and cost efficient based on their overall 
power consumption.  From several different online sources, a collection of LEDs 
and their characteristics are summarized in the Table 4-6: 
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Table 4-6: Summary and comparison of different through-hole LEDs 
 
 From the table above, various characteristics of manufactured LEDs were 
documented.  The distinguishable characteristics of the LEDs that are more 
important to the design constraints are the cost, luminous intensity, and half-
beam angle.  From these three parameters, the CREE LED, highlighted in Table 
4-6 was selected for the lighting application.  However, the next few sections 
describe the basis for why this particular choice was made. 
4.4.1—Comparing the Luminous Flux of LEDs 
 As described in Table 4-3, the initial delivered lumens should equate to 
3,700 for the entire luminaire.  This criterion serves as the first constraint when 
determining the amount of necessary LEDs required for the design.  Luminous 
flux is described as the quantity of light that that is emitted in unit time per unit 
solid angle or one lumen per steradian (angular span).  To generalize the 
comparison of the two quantities, the relationship between lumen and candela is 
determined by the viewing angle of the LED.   
 Figure 4-2: Luminous intensity of an LED based on viewing angles
Referring to Figure 4
LED (represented by the horizontal dashed line).  The 
as Ɵ and normally denoted within datasheets of manufactured LEDs
the angle at which the light intensity is reduced to 50% of its rated value.  In 
addition, the apex angle is described as twice the half
translate this value into a th
solid angle span) is used.  This relationship is described in equation (
[17]: 
 
Thus relating the angular span to describe the distribution of light, lumen 
(Φv) in relation to candela (I
 
The luminous intensity for ea
candela and using equation (4
per LED and the amount of LEDs required
summarized in Table 4
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-2, the maximum intensity occurs at the center of the 
half-beam angle (depicted 
-beam angle.  In order to 
ree-dimensional quantity, the steradian 
 
v) is described as equation (4.2). 
 
ch LED was converted from milli
.2) the lumen per LED was calculated.  The lumen 
 to achieve a 3,700 lumen fixture are
-7. 
[17] 
), describes 
(SI unit for 
4.1) below 
(4.1) 
(4.2) 
-candela to 
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Table 4-7: Summary of lumens per LED and the required number of LEDs to achieve the 3700 lumen 
criteria 
 
 In terms of the amount of lumens produced per LED, the highlighted 
selection requires the least amount of LEDs to meet the 3,700 lumen 
requirement. 
4.4.2—Comparing Theoretical Power Dissipation between LEDs 
 Another motivator for this design originates from the amount of power 
consumed by the light fixture.  Essentially, the calculated power used by the 
luminaire is only a theoretical measurement of how the luminaire will operate; 
nevertheless, this extrapolated value will justify the selection of which LED to use 
when the overall price of the LEDs is involved. 
 Since LEDs are current-driven devices, current-limiting devices are 
required to ensure the necessary current flow through each string of LEDs.  
Normally a current regulator is used to drive white LEDs because of the voltage 
variation from the source and discrepancies between LED forward voltage drops; 
these differences could eventually lead to breakdown or dimming of LEDS due to 
the lack or excessive current through the LED strings.  However, since a large 
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array of LEDs is required for the design, implementing low tolerance resistors 
connected in series with the LEDs and maintaining the voltage through each 
string with a DC/DC converter are sufficient for this type of application as later 
described in section 4.9.   
In order to determine the amount of power required by the luminaire, a 
conceptual idea of how the LEDs will be arranged and the number of resistors 
required for each type of LED is required.  Figure 4-3 shows the generic layout 
for one string of LEDs with a current-limiting resistor based on a 12 V DC source. 
 
Figure 4-3: LED string configuration 
 The selection of the number of LEDs per string originates from the 
selection of a DC source for luminaire input.  As shown in Table 4-6, the typical 
forward voltage is approximately 3.2 V; this voltage describes the voltage across 
an LED when the device is forward-biased.  Thus, with a simple calculation as 
shown below in equation (4.3), the amount of LEDs per string can be determined 
for any given input voltage. 
 789 : ;<= *  >*?  @ABCDEFGHI@JEGKLGM  @ABCDEFGHIN.O @  (4.3) 
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In conjunction with the LEDs, a resistor must be selected in order to provide the 
desired current through the LEDs.  For the LEDs to operate, the LEDs require a 
continuous forward current of 30 mA.  Using Ohm’s law and the total voltage 
drop across the three LEDs, the calculated resistance to maintain 30 milliamps 
across the series elements can be determined using equation (4.4) as shown: 
 P  @DEFGHIQ/# ST UVW1X@JEGKLGMJEGKLGM  @DEFGHIQ/# ST UVW1/N.O @1NY Z  (4.4) 
 With the selected resistor value for each string, the determined amount of 
strings and corresponding resistors are determined by dividing the number of 
LEDs (required to achieve the luminaire 3,700 lumen requirement) by amount of 
LEDs in each string.  In addition, the power drawn by each LED and resistor is 
calculated based on the following parameters: the forward voltage across each 
LED, the series resistance value, and the current through each string.  Equations 
(4.5) and (4.6) describe the calculation for the power used by the LEDs and the 
power dissipated through the resistor. 
 [S[QUV  /# : ;<=\1UV  /# : ;<=\1]TS^(TS^ (4.5) 
 _``[S  (TS^O P (4.6) 
Table 4-8 summarizes the amount of components and total power drawn 
by each element based on a string of three LEDs using a 12 V DC input voltage. 
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Table 4-8: Summary of power consumption and cost for each LED type 
 
As seen from Table 4-8, approximately 20% of the power is being 
dissipated through the resistors—17.7 out of the 86.84 Watts—regardless of the 
LED type.  Power efficiency goes hand-in-hand with the voltage source used to 
power the LEDs.  For instance, assume a 24 V DC source was used to power the 
LEDs.  In contrast to the 12 V source, which is capable of powering three LEDs 
in series, a 24 V source could power up to seven LEDs using equation (4.3) with 
a current-limiting resistance as calculated in equation (4.7). 
 P  @DEFGHIQN@JEGKLGMJEGKLGM  Oa @Qb/N.O @1NY Z  53.333 Ω (4.7) 
Thus, calculating the total power drawn by the LEDs and resistor as 
shown in equations (4.8) and (4.9), respectively, the power efficiency has 
increased to 93.33% as equation (4.10) shows. 
[S[QUV  7UV  7]TS^(TS^  7/3.2 ]1/30 8e1  0.672 f (4.8) 
 _``[S  (TS^O P  0.048 f (4.9) 
 i <::*+*+j  klElCmnAklElCmnAokpIDqDlEG X 100%  93.33% (4.10) 
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Ideally, high power efficiency is desirable; however, with higher power efficiency, 
the trade-off comes from the increase percentage of failure for each string of 
LEDs.  For instance, if a system requires twenty-one LEDs for an application, a 
12 V and 24 V source could power a maximum of three and seven LEDs, 
respectively, in series.  Thus, by separately combining seven strings for 12 V 
source and three strings for the 24 V source in parallel, the required amounts of 
LEDs are met.  Figure 4-4 shows the two circuit configurations for corresponding 
voltage sources. 
 
Figure 4-4: LED configurations for 12 V (top) and 24 V (bottom) connected sources 
 Referring to Figure 4-4, if one LED in one of the strings was to somehow 
fail, the failed LED will appear as an open to the source and the string containing 
the failed LED would completely turn off.  Analyzing the percentage of light being 
outputted from the LEDs, if one string was open for the 12 V source, b or 85.71% 
of the expected light will still be operational, compared to ON or 66.67% of the 
LEDs for the 24 V source. 
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Another concern when dealing with a larger voltage source is the amount 
of voltage drop across the resistor.  Comparing the two voltage sources 
described above and after excluding the forward voltage drops across the LEDs, 
the remaining voltages for the current-limiting resistor are, respectively, 2.4 V and 
1.6 V for the 12 V and 24 V sources.  This calculation is shown through 
equations (4.11) and (4.12). 
 ]_ %O@ `t  ]`  3]TS^  12  3/3.21  2.4 ] (4.11) 
 ]_ Oa@ `t  ]`  7]TS^  24  7/3.21  1.6 ] (4.12) 
 The voltage calculations determined in equations (4.11) and (4.12) denote 
the theoretical voltages that should appear when measuring the voltage drop 
across the series resistors.  From these values, if the string of LEDs were to be 
exposed to a different range of voltages, the voltage drop across the resistor will 
linearly change.  The percent difference in the current will change more 
dramatically for the 24 V case; i.e. 100 mV will lead to a 4% variation in current 
when using a 12 V supply, whereas, a 6% discrepancy when using a 24 V 
supply. 
 With the associative loss in power efficiency of the system and the 
potential risk of LED strings failing, a median voltage value will later be selected 
in order to optimize both the power efficiency of the luminaire, as well as, 
minimizing the risk associated when a string of LEDs fails.   
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4.4.3—Comparing Cost of LEDs 
 Another important factor to consider is the total cost of the LEDs—more 
importantly, the cost of LEDs in relation to the power required to operate the 
entire array.  The total amount of LEDs and series resistors displayed in  
Table 4-8 will illustrate the effective cost and power consumption for the different 
LEDs.   
The power used by the LEDs and cost should both be minimized in order 
to optimize the cost per power consumption for the overall luminaire.  To 
demonstrate the different thresholds for justifying the highlighted selection, a plot 
of cost versus power consumption using the values in Table 4-8 is shown in 
Figure 4-5.   
 
Figure 4-5: Cost and power consumption for various LEDs 
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The two asymptotes shown are set thresholds for the cost and power 
consumption—approximately $450 and 100 W, respectively.  Ideally, the point 
(Power Required, Cost of LEDs) should be as close to the origin (0, 0) as 
possible to minimize the cost of the luminaire and the reduce amount of power 
used.  From the figure, only two points fall within the chosen area; thus choosing 
the highlighted LED (the closest point to the origin from Figure 4-5) labeled in 
Table 4-8 signifies the best selection for optimizing both cost and power 
consumption. 
4.5—Illumination Distribution of LEDs 
 To begin designing the luminaire, a mathematical approach of the 
illumination distribution associated with the LEDs.  This theoretical analysis will 
describe how the line-of-light model can be used as an approximation for how 
light will be distributed over a 2-dimensional area.  Since this thesis does not 
focus on the intricate field of developing and deriving the models discussed, the 
referenced parameters and equations will be used as the basis of developing a 
starting model for the designed luminaire. 
4.5.1—LED Light-of-Sight Path Geometry 
 The starting point in analyzing the illumination distribution is from the line-
of-sight of a LED.  Figure 4-6 shows the path geometry of a LED and a flat 
surface along with the parameters associated with the positioning; these 
parameters will later be used to create a model to illustrate the distribution. 
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Figure 4-6: Line-of-sight path geometry of a LED onto a flat surface [18] 
 The angle Ɵ in Figure 4-6 represents the polar angle of the location with 
respect to the LED as well as the half-beam angle of the LED.  To reduce the 
amount of variables in establishing the Lambertian distribution, the mounting 
distance of the LED (denoted by h) will be represented as a function of the 
distance d.   
4.5.2—Gaussian Representation for Illumination Distribution 
Lighting geometry is not as simplistic as using trigonometric quantities to 
establish the range.  Instead, a generalized Lambertian pattern is widely used as 
the radiation pattern to illustrate the distribution of a single LED.  However to 
reduce the complexity arising from the Lambertian pattern, an approximated 
Gaussian function will serve as a viable method of illustrating how the line-of-
sight model can be used for determine adequate lighting spans. 
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Within the studied paper, the Lambertian model for the LED was 
decomposed and reconstructed to approximate illuminance as a Gaussian 
function, fg(d).  The final derived Gaussian approximation for the illumination 
distribution is shown in equation (4.13) [18]. 
 :/)1  Zo%Ouv$ :S exp z ZoNO X 
$
v${ (4.13) 
 The parameter m represents the Lambertian mode number where m > 0.  
This value also describes the directivity of light in relation to the semi-angle of the 
light beam at half power—denoted by Φ1/2.  The representation of the mi’m tode 
number, m, and the half power angle is described by equation (4.14) [18]. 
 8   |}/O1
|}~S`~$
  (4.14) 
 From the Lambertian representation for the illumination distribution, the 
model can also be approximated using a Gaussian distribution.  Establishing a 
Gaussian model would simplify the use of applying probability to describe 
illuminance values at any distance away from the origin. 
For the proposed Gaussian distribution, the variance, σ2, can be 
represented as a function of both the height and mode number as represented in 
equation (4.15) [18]. 
 O  Ov$ZoN (4.15) 
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In order to compensate for the errors made in approximating the Lambertian 
distribution, a secondary Gaussian model was created to effectively limit the 
amount of error seen between the discussed Lambertian model and the one 
shown in Equation (4.13).  Equations (4.16) and (4.17), respectively, show the 
finalized Gaussian approximation model (: /)11 and variance [18]. 
 : /)1  Zo%Ouv$ :S exp z ZO X 
$
v${ (4.16) 
 O  Ov$Z  (4.17) 
4.5.3—Comparison of the Two Distribution Models 
 In comparing both distribution models, the value for d will be normalized at 
d = 0.  For the standard example of representing the effect of the mode number 
(otherwise described as the half-power angle), a fixed height of 3 meters was 
selected to illustrate the Lambertian and Gaussian models.  In addition, the 
models are normalized and placed on a logarithmic scale to demonstrate the 
range of illuminance between 0 and -20 dB—this range constitutes the limits for 
which the human eye can perceive visible light when focused on the center part 
of the light pattern.  Equation (4.18) generalizes the proportion used to translate 
the models into a logarithmic scale [22]. 
 :S  10?%Y T/1T/Y1 (4.18) 
 By representing each distribution model in logarithmic scale, Figure 4-7 
shows how each model compares with one another.  Within the figure, fL(d) 
describes the Lambertian model compared with the two Gaussian 
representations: fg(d) and : /)1.  
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Figure 4-7: Illuminance distribution at h = 3 meters for various distribution models [22] 
 Based on the various approximations shown in Figure 4-7, each Gaussian 
distribution compares favorably with the Lambertian model.  For ease of 
demonstrating the effectiveness of the line-of-sight capability, the error 
compensated Gaussian model ((: /)11 will be used for design purposes. 
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4.5.4—Developing a Gaussian Representation for Selected LED 
In order to develop a model for the representing illumination distribution for 
the design, the parameters shown in the line-of-sight diagram (Figure 4-6) should 
first be declared.  The h parameter describes the mounting height of the 
luminaire—26’ 8” as denoted in Table 4-5.  Since the selected LED for this 
application was determined to be the 24,000 mcd CREE LED, the 15⁰ half-power 
angle will be represented by Ɵ for the model.  To be consistent with the previous 
models, the height will be converted to meters (h = 8.0808 meters).  Lastly before 
representing the distribution, the mode number—m—is computed as 19.9937 
using equation (4.14) from before. 
With the determined parameters, the distribution can now be modeled by 
using incremental distances (in meters) from the center of LED array.  The 
generated data following the determined parameters is shown in Table 4-9. 
Table 4-9: Gaussian representation generated data of illuminance distribution for design 
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Based on the values in Table 4-9, Figure 4-8 represents the 0 to -20 dB 
illuminance distribution model from which the human eye can perceive light. 
 
Figure 4-8: Modeled relative illuminance distribution for based on design parameters 
 From Figure 4-8, the maximum extent at which an individual can 
distinguish between areas being lit or not is roughly 5.5 meters or 18.0446 feet.  
Thus, since this value describes only half of the light’s span, the total effective 
illuminance distribution can cover 11 meters or 36.089 feet.  The calculated value 
does not truly depict the actual light that an array can output; therefore, the 
second column in Table 4-8 will be plotted against the distance to effectively 
show the Gaussian distribution of the illuminance. 
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Figure 4-9: Gaussian distribution of illuminance--red line indicates the cut-off based on line-of-sight 
 The primary objective of Figure 4-9 is to determine whether an LED 
section can produce enough lighting over an extended range.  As indicated in the 
Gaussian distribution, the red line illustrates the line of sight cut-off for a 
mounting height of 26’ 8” with a half-power angle of 15⁰—these values 
correspond to a theoretical span of 2.178 meters or 7.1453 feet.   
The next step proceeds to calculating the probability that the light span 
exceeds the value indicated by the red line.  This process is done by using 
equation (4.16) which describes the variance relationship between the height and 
mode number for the modified Gaussian representation.  Furthermore, the 
standard deviation could then be deduced by taking the square-root of the 
variance; this calculation is shown in equation (4.19). 
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 2.3832 8> (4.19) 
Also, based on how the models were derived, the Gaussian distribution is 
centered at a mean distance of 0 meters.  From the known mean ()1, standard 
deviation (σ), and desired distance from the mean (d = 2.178 meters), the  
z-score can be calculated as shown in equation (4.20). 
   Q  O.%bQYO.NNO  0.91 (4.20) 
Using the z-score table, a z-score of 0.91corresponds to a probability of 
31.86% for the half Gaussian; this value symbolizes the percentage of the 
illumination that will cover the line-of-sight span.  Therefore the illumination of 
18.14% (or 36.28% when describing the full range) represents the percentage of 
illumination that exceeds the line-of-sight span.   
Although the calculated percentages cannot be used as a true measure of 
how the overall luminaire will truly appear, they provide an adequate justification 
of whether a specified range will receive enough lighting.  For instance, assume 
a luminaire at the same height as the model describes (26’ 8”) was intended on 
being used to provide an illumination out to four meters from the center.  This 
criterion would correspond to a z-score of 1.67 and ultimately a 9.5% illumination 
from four meters and outwards.  Placing this number into perspective for a full 
Gaussian distribution, 90.5% of the illumination is encompassed by a span of 
eight meters (two times four meters), while the remaining seven meters (two 
times three-and-a-half meters) only obtains 9.5% of the illuminance.  This 
discrepancy between the two classified regions would provide enough reasoning 
to reconsider implementing a design that requires lighting only four meters away 
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from the center of the distribution. 
As tests are conducted in Chapter 7, the experimental representation will 
show correlations with the theoretical Gaussian model described earlier.  
However for a starting point in designing the luminaire, utilizing the line-of-sight 
method should provide suitable illumination even at the tail-end distance from the 
center of illumination as indicated through the probability calculations.  This 
generalization allows the sectionalizing the luminaire regions and determining the 
angles associated with each section of the luminaire simpler. 
4.6—LED Luminaire Layout 
 The next step, after determining which LED and how many components 
are required for the design, is to decide how the luminaire should be 
partitioned—i.e. how many sections should the luminaire have and how many 
LEDs are required for each section.  In decision of how many regions the 
luminaire should have, many different methods for splitting up the LEDs are 
possible. 
4.6.1—Luminaire Sections 
 For determining the amount of sections, a generalized concept of the span 
of the LED must first be analyzed.  As mentioned in the prior section, the line-of-
sight model will represent the area in which luminaire’s section will conform to the 
IESNA average luminance.  The span of one section of the luminaire 
(represented as a single point) in Figure 4-6 will again be used to illustrate the 
parameters associated with light range. 
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From Figure 4-6, the half distance and full span (twice the half distance) 
are computed using the tangent of the angle and the mounting height of the LED 
array.  The calculations for the half-light span and total light span are denoted by 
equations (4.21) and (4.22), respectively. 
 )  ? X tan/15°1  /26.6667 :>. 1 X tan/15°1  7.1453 :>. (4.21) 
 >   2)  2 X 7.1453  14.2906 :>. (4.22) 
 Using this knowledge and the required range of illumination described in 
Table 4-5 from section 4.3, few facts are known for the required area of 
illumination: the luminaire’s section will provide adequate lighting for a width of 
14.2906 feet and the minimum desired sidewalk and roadway widths for the 
illumination required by the City of Los Angeles are 10’ – 12’ and 30’ – 36’, 
respectively.  The difference between roadway and sidewalk widths is depicted 
below in Figure 4-10. 
 
Figure 4-10: Difference between roadway and sidewalk widths 
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For broader controllability of the luminaire, the surface should be 
subdivided at least once vertically and horizontally.  Since the luminaire’s section 
will already be able to accommodate the required width range for illumination  
(10’ – 12’), the luminaire will only require an axial bend in one radial direction. In 
addition, the amount of sections to be subdivided in the axis with the associated 
tilt is flexible for the design; thus a chosen subdivision of five was selected.  As a 
result, with two divisions made in one direction and five divisions in the other 
direction, a total of ten sections are created based on the chosen criteria. 
Furthermore, the actual dimension of the mounting surface of the 
luminaire can vary greatly since the physical size is simply derived from typical 
luminaire designs.  For simplicity, a starting point for the layout will be based off 
the dimensions of Table 4-1—30” x 16” x 6”.  Since each luminaire design is 
distinct based on the LED half-power angles, only the length and width are used 
for sizing the mounting surface for the LEDs.  Figure 4-11 illustrates the designed 
mounting surface for the LEDs. 
 
Figure 4-11: Luminaire mounting surface subdivided into ten equal parts for LEDs 
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4.6.2—Luminaire Distribution of LEDs by Section 
 After determining the amount of sections for the luminaire, allocating the 
LEDs for each section is relatively straightforward.  From Table 4-8, the 
calculated 720 LEDs to satisfy the 3,700 lumen requirement are split among the 
ten sections—equating to seventy-two LEDs per section.  Additionally, this value 
can be further divided into twelve strings per section.  Hence, Figure 4-10 can be 
modified to include the LEDs as shown in Figure 4-12; each section has six 
columns and twelve rows of LEDs. 
 
Figure 4-12: LED arrangement by section for mounting 
 The utilized connection pattern for each section is shown later in the 
chapter after determining the curvature and the voltage source necessary for the 
LEDs. 
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4.7—Determining the Surface Curvature for Mounting LEDs 
 As mentioned in the earlier section of this chapter, the LED mounting 
surface of the luminaire only requires shaping in one radial direction.  Thus in 
order to generate the necessary 30’ – 36’ region of illumination, an apt degree of 
bending is necessary to stretch the light distribution outwards to a desirable 
range.  The associated light distribution cause by the bend will also allow a 
generic classification for the type of luminaire.  Since the spread of the beam is 
desired to extend between 30’ – 36’ (equivalent of 1.125 – 1.35 mounting height 
distances), the distribution created will be classified as a Type II luminaire, which 
in turn replicates the desired type specified by the City of Los Angeles [19].   
Therefore to test different types of bends based on the specific plastic 
material, a 30” length long sheet is incrementally bent inward to achieve various 
tilt angles based on fixed tangential points on the surface of the plastic.  Each of 
these fixed tangential points will represent one section of the LED array.  Since 
only the length side of the plastic sheet is bent, the sections (labeled A – E) have 
an associative mounting angle.  Figure 4-13 represents the five points of interest 
and their relative distance from the non-compressed length. 
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Figure 4-13: Tangential points of interest to determine amount of inward compression 
 As seen in Figure 4-13, any inward bend will cause the five points to shift 
from their original position as denoted by the bent sheet.  On a flat plane, the 
points of interest are labeled by their distance away from the left-most side 
(denoted by 0”).  As evident from the points’ orientation on a flat sheet, the LED 
sections are normal to the horizontal plane (i.e. the center of each section is 
perpendicular to the horizontal plane).  However in the case of the bent sheet, 
the points’ orientation is slightly tilted based on the amount of horizontal 
compression, which is represented with an arbitrary value of “x” in bottom image 
of Figure 4-13.  Therefore using the vertical distance and horizontal distance 
from the left-most side, the tilt angle can be determined by an inverse tangent 
function.  Figure 4-14 illustrates the horizontal (X) and vertical (Y) values to be 
measured for modified amounts of compression. 
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Figure 4-14: Method of determining tilt angles for each LED section 
 Figure 4-14 describes two out of the five sections that will have an 
associated tilt angle from the vertical axis.  A summary of the parameters to 
determine the tilt angles A1 and A2 in Figure 4-8 is listed in Table 4-10.  These 
values will allow a theoretical calculation of the farthest extent that the LED 
section can reach, which will be helpful in determining the optimal amount of 
bend that will produce the appropriate tilt angles for each section.  Furthermore 
based on symmetry, the magnitude of the tilt angles determined for points A and 
B described in Figure 4-14 are equal to the angles for points D and E, 
respectively.   
Table 4-10: Measured parameters (as described in Figure 21) for different level of bends 
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 From these four different compressions, the tilt angle A1 will be used to 
determine how far the light can reach.  Assuming a mounting height of 26’ 8” and 
utilizing the fact that an LED has a half-power angle of 15⁰, Figure 4-15 serves as 
the basis for how the maximum range can be calculated based on the tilt angles 
determined in Table 4-10. 
 
Figure 4-15: Illustration of maximum range point A can achieve 
 Using geometry, the farthest reach that point A can obtain is determined 
by the tangent of the angle (A1 + 15⁰) multiplied by the mounting height (26’ 8” 
minus Y1).  Reflecting that span to point D and including the distance between 
points A and D, the total theoretical span of the luminaire can also be determined 
as well.  Table 4-11 summarizes the calculated span of the luminaire. 
Table 4-11: Summary of luminaire light span based on farthest reach for point A 
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 With a general idea of the range of lighting provided by the luminaire, a 
bend can then be selected.  Since the compression producing a horizontal length 
of 29” barely meets the required 30’ – 36’ range as noted in Table 4-11, a 
compression resulting in a horizontal length of 28.75” will suffice for the design. 
4.8—Optimizing the Power Efficiency for Luminaire 
 As mentioned previously in section 4.4.2, an optimal voltage must be 
selected In order to increase the power efficiency for the luminaire.  Initially 
planned, the luminaire will be connected to a 12 V DC battery, which ultimately 
allows a string of three LEDs to be powered.  However as also determined in 
section 4.4.2, the power efficiency of the luminaire is approximately 80% due to 
the amount of power dissipated through the current-limiting resistor.  Thus in 
order to reduce the amount of power being dissipated through the resistor within 
a string, the string must encompass additional LEDs, which in turn requires a 
larger input voltage to power the string.   
4.8.1—Establishing the Allowable Input Voltage Range for Luminaire 
 With the luminaire layout determined as shown by Figure 4-11 in the 
previous section, the voltage that can be used to power each string of LEDs has 
to be less than seven times the forward voltage drop across a single LED.  The 
reasoning behind selecting a string of six LEDs as opposed to seven LEDs is 
based off the total finite voltage drop across each string.  If a string of six LEDs 
were implemented with a 24 V source as opposed to a string of seven LEDs, the 
difference in voltage would all be dropped across the resistor—consequently 
leading to lower power efficiencies.  Furthermore, the minimum voltage required 
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to power the LEDs has to be at least six times the forward voltage drop across a 
single LED.  The voltage calculation and range are denoted in equations (4.23) 
and (4.24), respectively. 
 ]QZ  6 X ]TS^  ]  7 X ]TS^  ]QZ (4.23) 
 19.2 ]  ]  22.4 ] (4.24) 
4.8.2—Comparing Power Efficiency for Varying Input Voltage Selection 
Based on the constraint shown above in equation (4.24), any input voltage 
value within this range will effectively work for string of six LEDs; however, the 
power efficiency increase can range based on how much voltage will be seen by 
the current-limiting resistor.  For a reference as to how the power efficiency 
would change based on different input voltages within that range, Table 4-12 
shows the power efficiency for voltage values from 19.3 V to 22.3 V in 
increments of 100 mV. 
53 
 
Table 4-12: Summary of power efficiencies based on various input voltages 
 
 From Table 4-12, the voltage drop was calculated based on the difference 
between the input voltage used and the total fixed forward voltage drop across 
the six LEDs.  Then from the voltage drop, the resistance value was calculated 
based on the required 30 mA current in each string.  Using the known voltage, 
current, and resistance values, the effective power used to light six LEDs divided 
by the total power required for each string equates to the power efficiency of the 
luminaire.  Figure 4-15 illustrates the relationship between the power efficiency 
versus the input voltage. 
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Figure 4-16: Plot showing relationship between input voltage and power efficiency 
 With the calculations made from Table 4-12, the linear relationship 
between input voltage and power efficiency makes sense from an analytical 
standpoint.  The current and power through a string of six LEDs is independent of 
the input voltage (fixed forward voltage); therefore, the power through the resistor 
is proportional to the voltage drop across the resistor.  Thus by interpreting the 
relationship shown in Figure 4-15, the highest efficiency is obtained when the 
input voltage used to power the string is at a minimum, which also represents the 
minimum voltage drop across the resistor.   
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Theoretically, the system’s 12 V battery source should be stepped-up to 
19.3 V in order to obtain the highest power efficiency (99.48%).  However, in 
reality, the forward voltage drop across each LED is not always equal to the 
datasheet value of 3.2 V due to manufacturing processes.  Therefore, the input 
voltage should be slightly higher than the minimum value of 19.3 V to ensure an 
adequate supply voltage is across the LED strings.  For this reason, the input 
voltage for powering the luminaire will be chosen as 20 V—leaving a 0.8 V 
margin for error for the forward voltage drop within a LED. 
Based on the calculation for the power consumed by one string in the 
luminaire, the total power consumption using a 20 V source is calculated as 
shown in equation (4.25): 
 tZ  /# : \>*?1[S[Q`[  120/0.61  72 f (4.25) 
The calculated power consumed by the luminaire will later be referred to 
when determining system sizing values in Chapter 5 and calculating the 
luminaire efficacy in Chapter 7.  Additionally as referenced from the 20 V in Table 
4-12, this value corresponds to an efficiency of 96% with only 4% of the total 
power dissipated through the resistor as opposed to the calculated 20% when 
using a 12 V source. 
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4.8.3—Configuration of LED Strings for One Section of the Luminaire 
 With the selection of a 20 V input source, the current-limiting resistor value 
can be read directly from Table 4-12 as 26.667 Ω; thus, available resistor values 
of 26.7 Ω will be selected for creating the LED strings.  With these parameters 
established, Figure 4-17 depicts how the LED strings for one section of the 
luminaire will be connected. 
 
Figure 4-17: Circuit configuration for one section of the luminaire 
4.9—Voltage Distribution for a Section of Luminaire 
The first concern when dealing with the actual operation of the luminaire 
pertains to the variation in forward voltages through the LEDs by individual 
strings.  If the LED forward voltage drops are relatively consistent with the 
indicated 3.2 V forward from the datasheet, each string should receive 
approximately the same current and thus, would not pose current redistribution 
and over current problems in actual applications.  To demonstrate the 
consistency of current through each string, one section of the luminaire will be 
analyzed as follows. 
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To test the forward voltage across the LED and the effectiveness of the 
current limiting resistors, a 20 V source was used to power one section of the 
luminaire.  Obtained sample data will provide a good estimate of the average 
current expected to be drawn from each section of the luminaire.  By tabulating 
these data, any extreme variations in current can clearly be seen.  Table 4-13 
summarizes the voltage drops across each element following the layout from 
Figure 4-18. 
 
Figure 4-18: LED arrangement with labels for measured values shown in Table 4-13 
Table 4-13: Summary of voltage drops across elements and current through each string 
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Table 4-13 shows an average current of 30.12 mA conducted by each 
string of LEDs in one section of the luminaire.  Since the current is relatively 
stable for each string, no modifications are necessary to adjust the current drawn 
by any one string.  This result also justifies that the use of current limiting 
resistors works well with the designed luminaire. 
4.9—Finalized Enclosure Implementation 
The final overall product and display enclosure is shown in Figure 4-18.  
Additionally, Appendix A contains the enclosure dimensions of the display case 
for creating the proper shape for the LED mounting surface. 
 
Figure 4-19: Finished LED enclosure with connected LED strings 
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CHAPTER 5—SYSTEM SIZING 
5.1—Component Selection 
 When selecting the proper components for lighting applications, many 
different constraints are taken into account.  By predetermining the amount of 
components required and how the system will operate, cost and redesigning time 
can be minimized.  This chapter will discuss the procedures in determining 
product sizing and provide justifications as for why each component was 
selected. 
5.2—Choosing the Right Battery 
 One of the major constraints to the possible output of the luminaire system 
pertains to how the luminaire will be powered.  Since the proposed system is 
powered off-grid or by its own independent source, different battery types and 
characteristics must be considered in order to choose the best one for 
illuminating the LEDs.  Of the many factors to consider, battery type, capacity 
(measured in amp-hours), and size are most paramount for optimization of a 
system.  For instance, if a battery capacity (amp-hours) does not meet the 
necessary requirement for the luminaire operation, the battery can be severely 
undercharge and risk the possibility of damaging the electrolyte within the 
battery.  In addition, the battery must have the ability to charge and discharge 
over many cycles of use and tolerate low depth-of-discharges in case the 
luminaire drains the battery beyond predicted expectations. 
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5.2.1—Lead-Acid Battery 
 Selection of batteries can range from their voltage output to their chemical 
types.  Due to voltage requirement, cost limitation, and required battery capacity, 
lead acid batteries are highly employed for in solar electric system designs.  
Lead-acid battieries have a high resistance to wear and are capable of 
recharging over extended periods of time.  Due to the commercial availability of 
lead-acid batteries, selecting a specific lead-acid battery based on its physical 
size and amp-hour capacity for the designed purpose will be more cost-effective 
than other battery chemistries that are on the market. 
 Of the broad category of lead acid batteries, there are three highly 
regarded batteries used in solar applications: flooded, gelled electrolyte, and 
absorbed glass mat.   These batteries are used due to their ability to store 
electrical energy and their ability to discharge by as much as 80% over 
thousands of charging and discharging cycles.  For this reason, deep-cycle 
batteries can last anywhere between two to twelve years based on the frequent 
nature of whether the battery is heavily discharged [20].   
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Figure 5-1: Variation in battery life with depth of discharge [20] 
 Besides the cost associated with gelled cell batteries, their lifetimes are 
limited to merely two to three years in hotter climates.  In addition, when 
determining how to charge the batteries, the largest available charging current for 
the gelled battery is only 5% of its amp-hour capacity—for example, if a 20 amp-
hour battery was required for an application, the rate at which the solar panel 
could charge the battery is only 1 A; whereas the sealed lead-acid battery can be 
charged at 10 – 13% of the battery capacity.  Lastly, the main drawback with the 
absorbed glass mat batteries is the difference in cost—the typical battery can 
range anywhere from two to three times as much as the equivalent flooded lead-
acid battery.  Thus, for the stand-alone system, a flooded sealed lead-acid 
battery will be chosen instead of the gelled electrolyte and absorbed glass mat.  
[20]. 
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5.2.2—Battery Capacitance and Terminal Voltage 
The major concern when choosing a battery deals with the amount of 
electrical energy the battery can store.  Since the battery is intended on being 
charged by a solar panel, the selected battery capacity should have an adequate 
amp-hour capacitance to supply the needed power during the longest determined 
period of insufficient sunlight (normally due to climate conditions).  Therefore, for 
precautionary reasons, the selected battery capacitance should be sized at least 
20% larger than the amount calculated required for design applications. 
Also, a common misconception about a 12 V lead-acid battery is that the 
battery will provide a constant 12 V, regardless of the state of charge.  In reality, 
a battery’s terminal voltage can range anywhere from an approximate 10.5 V to 
12.7 V; therefore, the system should incorporate a method of regulating the 
voltage in order to reduce the voltage fluctuation seen by the luminaire.  Table  
5-1 illustrates the approximate battery voltage based on the state of charge.  
Table 5-1: Approximate state of charge and associative terminal battery voltage [20] 
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Another factor to keep in mind is that the battery voltages depicted in 
Table 5-1 only represent the voltages for a specific case.  Depending on the 
selected battery, the voltage can have a full capacity (100% state of charge) 
value of anywhere up to 14.5 V for batteries with higher specific gravities; thus, 
when choosing the battery for operation, the datasheet should indicate the 
appropriate terminal voltage at varying state of charge.  
5.2.3—Battery Physical Sizing 
As a quick reference to the typical types of batteries that are 
manufactured, Table 5-2 shows different battery specifications based on their 
voltage and amp-hour ratings.  The sizes may slightly vary between 
manufacturers, but the chart provides a good comparison between the battery 
dimensions based on their amp-hour rating.  In addition, the weight of the battery 
can be used as a good mechanical indicator of where and how the battery should 
be placed (i.e. mounted alongside the luminaire, at an elevated height, or at the 
base of luminaire pole). 
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Table 5-2: List of typical battery sizes [21] 
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5.3—Solar Module and Battery Sizing 
 Solar module and battery sizing are important factors to consider when 
optimizing a system.  For instance, overcompensation or underestimation can 
occur when not properly calculating the energy requirements for powering an 
apparatus.  If the solar panel is incapable of generating enough energy to 
replenish a battery, the battery will eventually reach a point that exceeds its 
maximum depth-of-discharge and will be unable to charge back to full capacity.  
Similarly, if the battery is incapable of delivering sufficient current for the 
application due to its low state of charge, charging implications will occur and 
require battery replacement.   
From an overcompensation standpoint, the main disadvantages 
associated with purchasing higher power panels or larger capacity batteries are 
the cost and physical dimensions of the devices.  For the actual lighting 
application, size is of lesser concern due to the slight variations between physical 
size and output for both the panel and battery.  However, since cost is an issue 
when trying to associate the designed system with other traditional lighting 
methods, minimizing the total cost for the system will provide more enticing 
reasons to implement the proposed lighting scheme. 
The following subsections will determine the operating time for the 
luminaire based on several developed assumptions for a stand-alone 
photovoltaic system. 
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5.3.1—Operating Time and Power Consumption for Lighting 
 The primary determinant of power consumption for a luminaire is derived 
from the amount of time the system is intended on being used.  In contrast to 
traditional lighting systems that are constantly in the on, the proposed method of 
lighting will turn off in the absence of pedestrians.  For this reason, calculations 
must be made based on the amount of time the luminaire is expected to be 
operating at full-load (the average time that all ten sections of the luminaire will 
turn on).  The basis for this analysis begins with the list of assumptions 
summarized in Table 5-3. 
Table 5-3: Assumptions for determining system operating time 
 
 Table 5-3 contains a few established assumptions (some specifications 
are referenced from the previous chapters): the based luminaire wattage when all 
ten sections are on was calculated based on equation (4.25); a basis of 12 hour-
long nights for the duration of time that the luminaire can be operational; the 
amount of peak sun hours determined from equation (2.1); and the derating 
factor of 90% to emblematize the amount of thermal losses from the panel.  From 
these assumptions, Table 5-4 has been created to show the percentage of time 
that the luminaire will be operating at full-load, the corresponding energy used, 
and the energy generated by the solar panel per day. 
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Table 5-4: Relation of percentage of 'ON' time to energy requirements of solar panel 
 
 For clarity, Table 5-4 is subdivided into four sections based on the panel 
wattage (20, 30, 40, or 55 Watts)—indicated by the color variations.  In addition, 
the divisions also symbolize the type of panel that can be used based on the 
predetermined percentage of ‘ON’ time (left-most column).  The energy used per 
day by the luminaire is calculated based on the amount of hours the luminaire is 
expected to operate and the base power consumption of 72 W that the luminaire 
will use.  Since this value represents ideal conditions, a 15% efficiency reduction 
will be included to allow a more realistic energy requirement.  Furthermore, the 
energy output from the solar panel (right-most column in Table 5-4) is calculated 
based on the 5.6 peak sun hours and the panel wattage.  As an example, if the 
luminaire is chosen to operate for 10% of the night, a panel rated at 30 W is 
capable of generating enough energy (151.2 W-hr) per day to accommodate for 
the amount of energy consumed by the luminaire (101.65 W-hr). 
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 Based on the calculations in the table, a 40 W panel will be selected for an 
operating period of 2.28 hours (19% of the night).  This value should sufficiently 
provide enough lighting throughout the night.  As an example of how the 
operating time can be distributed, Table 5-5 lists one possible scenario for the 
required lighting based on the time during the night. 
Table 5-5: Accumulation of operating time for decreasing light requirement 
 
 From the generated data, Table 5-5 shows plenty of leeway for the actual 
amount of lighting required.  For instance at 7:00 PM, the amount of ‘ON’ time 
has been allocated as 50% of the first hour (thirty minutes); after 12:00 AM, the 
amount of allocated time has been reduced to a constant 5% (three minutes) of 
each hour.  These quantities per hour are quite sufficient since the duration for 
an individual moving by each section of the luminaire triggers the equivalence of 
only a few seconds of all sections of the luminaire turning on. 
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5.3.2—Sizing Worksheet for Solar Panel and Battery 
 For smaller systems, the use of a sizing worksheet makes calculating the 
amount of panels or batteries for load requirements much simpler.  Table 5-6 
represents the full sizing worksheet for a 72 W stand-alone photovoltaic system.  
The worksheet is separated into three sections that take certain values such as 
the panel size and battery capacity to determine whether the proper amount of 
energy is being generated or if the battery is capable of supply the necessary 
load.   
The first section, labeled as ‘A’, represents the attached system loads.  
Since the only load requiring current from the battery is the luminaire, the total 
power needed for operating the device is 72 W.  Multiplying the load requirement 
by the amount of hours per day the device is expected to operate (determined as 
2.28 hours within the previous subsection), the total energy required per day is 
164.16 W.  In addition, the operating time of 2.28 hours that was determined in 
the previous subsection will be used as the duration of time the device is 
expected to be operating. 
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From section ‘B’, the determined battery capacitance to operate the 
system for two days without the presence of sunlight is 31.57 amp-hours; thus, a 
selected 40 amp-hour battery should provide an adequate safety cushion for the 
system.  Additionally, the daily depth-of-discharge of the battery is approximately 
24% (48% for two days without sunlight), which is within the safe region for 
operating the battery without affecting the battery’s lifespan through numerous 
charge and discharge cycles. 
 The last section, denoted as ‘C’ represents the solar panel requirement to 
achieve the sufficient power to charge the battery.  With the predetermined 40 W 
panel selection from the earlier subsection, the panel can generate up to 201.6 
W per day—this calculation includes a 10% loss due to temperature and a 15% 
battery efficiency loss.  Based on these values, a single 40 W panel is shown to 
sufficiently provide enough energy to charge the battery as shown by ‘C9’. 
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Table 5-6: Load classification for stand-alone system [22] 
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From the sizing worksheet, a 40 amp-hour battery rated at an approximate 
13 V nominal voltage and a 40 W panel will fulfill the system requirements to 
power the luminaire. 
5.4—Examples of Solar Panel and Battery Selection 
As a reference for typical solar panel and battery price, datasheet 
characteristics, and physical size, Table 5-7 and 5-8 will serve as an example of 
the available online components that can be purchased.  Also, the examples 
shown in the tables will project an estimated initial cost of creating the stand-
alone system as described in the next section. 
Table 5-7: Sample of available solar panels and associated characteristics 
 
Table 5-8: Sample of available batteries and associated characteristics 
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CHAPTER 6—INPUT STAGE DESIGN FOR LUMINARE 
6.1—Design Concept and Goals 
 As briefly described in Chapter 4, the luminaire will be powered by a 12V 
lead-acid battery.  Also, the battery, as mentioned in Chapter 5, can have a wide 
range of voltages—including but not limited to ranges from 10.5 V – 12.8 V.  
Thus in order to maintain a constant output voltage of 12V for the design, a 
DC/DC converter is required to step-up the battery’s terminal voltage based on 
various levels of battery charge.  In addition, the DC/DC converter should be 
selected in order to provide enough power (output amperage) for at least one 
section of the luminaire. 
 Furthermore, the battery should be able to maintain a high level of charge 
to avoid falling below 20% of the battery’s capacity.  Excessive discharge, as 
discussed in Chapter 5, could have prolonged harmful effects and wear down the 
actual capacitance of the battery.  As determined in Table 5-6, a 40 W solar 
panel will be needed to replenish the battery’s state of charge.  Although this 
method of charging the battery may seem simple, a charge controller is required 
as an intermediate stage between the solar panel and battery to ensure the 
battery will not be overcharged or undercharged.   Figure 6-1 depicts a general 
flow chart of how each component will be integrated to constitute the input power 
to the luminaire. 
74 
 
 
Figure 6-1: Flowchart of different stages to be integrated from the solar panel to the luminaire 
 The following sections within this chapter will describe the controllers used 
to implement both the charge controller and DC/DC converter.  In addition, 
several associated simulations tests will be conducted to characterize each 
design to illustrate the applicability with the constructed luminaire. 
6.2—Charge Controller Selection 
 The first task after choosing a solar panel and battery for the overall 
system is finding a suitable charge controller to monitor the battery’s state of 
charge.  A selected charge controller should be chosen based on numerous 
properties that include a tolerance for a wide range of input voltages—typically 
values from a 40 W – 60 W solar panel—and can easily be incorporated into the 
system.   
Based on these criteria, the Linear Technology’s LT3652 integrated circuit 
is selected as the charge controller for this low power application.  The controller 
is capable of changing different charge rates based on the battery’s state of 
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charge.  In addition, the LT3652 produces peak output power while charging a 
variety of different battery chemistries and delivers nearly the same efficiency as 
more complex and expensive Maximum Peak Power Tracking (MPPT) 
techniques.  In summary, the charge controller’s ability to operate with different 
battery chemistries and sustain adequate output power over a wide range of 
voltages makes this controller suitable for a lighting application. 
6.3—LT3652 Controller Operation and Component Selections 
Depending on the panel characteristics, the LT3652 can generate peak 
power in excess of 95% with panel output voltages from 12.5 V to 18.5 V.  In 
addition, the chip’s input voltage regulation loop is capable of adjusting the 
charge current if the input voltage from the solar panel falls below a programmed 
level specified by a voltage divider network.  Figure 6-2 depicts the controller and 
associated pins that will be discussed in the following sections. 
 
Figure 6-2: LT3652 charge controller with pin outs [23] 
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6.3.1—Solar Panel Input to Controller (VIN) 
 Figure 6-3 outlines the circuit configuration for the LT3652 integrated with 
a 12 V lead-acid battery.  Calculations for solar panel sizing and component 
selection will be further discussed within this section to justify the selection of the 
40 W panel chosen in Chapter 5.  In addition, a few modifications for the 
feedback and input regulation resistors will later be made to accommodate for 
the peak power voltage for the 40 W panel. 
 
 
Figure 6-3: 1A solar panel powered 3-stage 12V Lead-Acid Fast/Float Charger [23] 
The input voltage pin for the controller has an operating range from 4.95 V 
to 32 V and must be selected to be 3.3 V larger than the chosen output battery 
float voltage (VBAT(FLT)). 
The first step when choosing a solar panel is to analyze the minimum 
requirements specified from the controller.  Important parameters to consider 
when selecting a proper panel for applications include open circuit voltage (VOC), 
peak power voltage (VP(MAX)), and peak power current (IP(MAX)).   
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The minimum open circuit voltage must be equal to 3.3V plus the forward 
voltage drop across the Schottky diode plus an additional 15% for low intensity 
start-up and operation.  Equation (6.1) summarizes how the open circuit voltage 
will be calculated [24]: 
 ]  ]/1  ]__V  3.3] X 1.15 (6.1) 
Additionally, the peak power voltage must be 0.75V plus the forward 
voltage drop across the diode above the float voltage plus 15% for low intensity 
operation.  Equation (6.2) describes the maximum peak power voltage in relation 
to the battery voltage and diode forward voltage [24]: 
 ]k/21  ]/1  ]__V  0.75] X 1.15 (6.2) 
The charging circuitry for the LT3652 is a current controlled buck 
regulator; thus, the input current can be directly related to the charge current as a 
ratio between the input (solar panel) and output (battery) voltages with a non-
ideality factor η resulting based on the efficiency of the controller.  Equation (6.3) 
describes the peak input current [24]. 
 (k/21  (_U X @ ¡¢/£m¤¡¢1¥X@¦/§¡¨1  (6.3) 
The battery floating voltage, as indicated by the battery size, will be 13.2 V 
and the forward drop across the zener diode will be 0.55 V.  Using these two 
known parameters, the minimum requirements for the solar panel are calculated 
using equations (6.1) – (6.3): 
]  19.6075 ] 
]k/21  16.675 ] 
(k/21  0.8796 e /8*? 90% ::*+*+j : >
 +>1 
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These parameters are useful when selecting a solar panel to be integrated 
with the controller.  Comparing the calculated specifications from above for the 
list of solar panels from Table 5-7, the wattage required for the solar panel has to 
be at least 30 W in order to be implemented with the selected charge controller.  
This proof further solidifies the fact that a 40 W panel can used for the design. 
6.3.2—Input Regulation Loop (VIN_REG) 
 The input voltage for the LT3652 is regulated to maintain the solar panel’s 
power output near the panel’s peak value.  A resistive voltage divider allows the 
input voltage into the chip to trigger the amount of charge current that will be 
supplied to the battery.  When the VIN_REG pin falls below a certain threshold, a 
sensing resistor will adjust the charge current—representing the battery’s need to 
be charged or limiting the amount of charge as the battery’s full capacity is 
nearing.  Thus, when the input voltage drops below the level defined by the 
voltage divider between the VIN and VIN_REG pins, the current control voltage is 
reduced—also reducing the charging current.  Consequently, this action causes 
the voltage from the solar panel to increase along its characteristic I-V curve until 
a new peak power operating point is found; this ability allows for MPPT to occur 
and ensures that the battery will be charged with maximum charging current 
based on the battery’s existent capacity. 
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Figure 6-4: Charger current control voltage vs. proportional input voltage (measured through voltage 
divider at VIN_REG pin) [24] 
Figure 6-4 shows the ideal control characteristics of the VIN_REG pin based 
on the current through the sensing resistor.  As seen from the curve, as VIN_REG 
exceeds 2.67V, the voltage (VSENSE – VBAT) begins to level off at 100 mV.  This 
voltage control range can be described with equation (6.4) below, where P©% 
and P©O represent the voltage divider to the VIN_REG and VIN pins [24]. 
 2.67 X _ª«o_ª«$_ª«$  ]© /¬> P?1   2.74 X _ª«o_ª«$_ª«$  (6.4) 
Linearizing the curve in Figure 6-4, equation (6.5) describes the current 
sensing voltage, where  ]©__U  ]© _ª«$_ª«o_ª«$.   
 ]WU©WU  ]  1.43 X /]©__U  2.671 (6.5) 
 Equation (6.5) can then be converted into equation (6.6), which describes the 
charging current for the battery using Ohm’s Law (V = IR). 
 (_U  %.aN_®n«®n X / @ª«X_ª«$_ª«o_ª«$  2.671 (6.6) 
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Equations (6.4) to (6.6) will be useful in establishing the control range for 
the input voltage regulation loop and determining the maximum charge current 
that can be provided to the battery.  Recalling that a 40 W solar panel was 
selected for charging the battery, the panel’s characteristics shown in Table 5-7 
will again be referred to for selecting the input resistances.  For the shown 40 W 
panel, the corresponding peak power voltage is 17.3 V; this voltage will appear 
as the input voltage (before the zener blocking diode) in Figure 6-3 and will serve 
as the minimum regulation voltage to utilize the controller’s maximum power 
point tracking capability.  Thus, selecting a RIN2 as 100 kΩ and a forward input 
diode drop of 0.5 V, RIN1 can be determined as shown in equation (6.7). 
 P©%  @¦/§¡¨1Q@£¤p!¡pA/A1QO.baO.ba X P©O  513 Ω (6.7) 
Therefore P©% and P©O can be chosen as 513 kΩ and 100 kΩ, 
respectively, to set a threshold voltage for when maximum charge current can be 
delivered to the battery.   
6.3.3—Feedback Voltage Pin Setting (VFB) 
 The feedback loop requires a 3.3 V reference voltage to determine the 
floating voltage of the battery.  Due to the variability of the battery’s floating 
voltage, the output battery float voltage can be programmed up to values of 14.4 
V; however for this application, a 12.7 V floating voltage will be used to 
demonstrate how the resistive parameters are calculated.  
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In order to achieve the appropriate reference voltage of 3.3 V, a resistor 
divider network composed of a 250k equivalent resistance is used at the VFB pin 
to compensate for any biasing errors on the input side.  Since it may be more 
desirable to use smaller-value feedback resistors with the addition of RFB3 to 
generate the 250 kΩ equivalent resistance, the three resistor network shown in 
Figure 6.5 will establish the feedback reference voltage. 
 
Figure 6-5: Feedback resistive network for LT3652 [23] 
The feedback current drawn by the resistor divider is obtained based on 
the desired feedback reference voltage and RFB2 as shown in equation (6.9).   
 (_  N.N_£ $ (6.9) 
Also, using KCL around the resistive network, the ratio between RFB1 and 
RFB2 is shown in equation (6.10) as follows: 
 
_£ $
_£   N.N@ ¡¢/£m¢1QN.N  0.3511 (6.10) 
 Selecting RFB1  as 1 MΩ, RFB2 is determined to be 351.1 kΩ based on the 
ratio in equation (6.10).   
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6.3.4—Charge Current Sensing Pin (SENSE) 
 The SENSE pin is connected to the BAT pin to monitor the voltage at the 
output terminal of the battery.  The voltage across the sensing resistor sets the 
average charge current of the controller.  The maximum charge current of the 
controller corresponds to a 100 mV drop across the sensing resistor; thus, the 
resistor can be chosen to allow maximum charging currents up to 2 A.  By 
choosing a maximum charging current, equation (6.11) represents the 
relationship between a calculated sensing resistance and maximum charging 
current.  A calculation for the sensing resistance based on a maximum charge 
current of 1 A is shown. 
 PWU©WU  @®n«®nB¯¡p°n/§¡¨1  %YY Z@%YYY Z  0.1 Ω (6.11) 
Additionally, using a low tolerance sensing resistor of 0.1 Ω, the maximum 
charging current can be determined using equation (6.6) and through the 
calculation below: 
 (_U/21  %.aN_®n«®n X ± @ª«X_ª«$_ª«o_ª«$  2.67²  
  %.aNY.% X /2.74  2.671 
  1.0016 e 
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6.4—LT 3652 Test Circuit Simulation and Results 
 In order to demonstrate the capabilities and operation of the controller 
prior to the actual construction of the circuit, LTSpice will be used to show the 
controller reacting to different output voltage levels and input variations.  As a 
brief introduction, LTSpice is a software provided by Linear Technology that 
allows the user to simulate and design more advanced circuits using the 
company’s ICs.  For this section, the LT3652 will be implemented on LTSpice 
with a few modifications for simulation purposes.  The basis for the simulation 
circuit will reflect Figure 6-3 with the calculated resistance values. 
 Prior to implementing the controller for use on LTSpice, a test circuit will 
be used to demonstrate the circuit’s general operation.  Figure 6-6 shows the test 
circuit for the LT3652. 
 
Figure 6-6: Test fixture for LT3652 
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A capacitor is used as the battery representation in the test circuit.  The 
purpose of using the capacitor is to show how the charge current (i.e. the current 
through the battery terminals for the actual design) will fluctuate based on the 
capacitor’s capacity (voltage) at any given time.  Next, the circuit will be 
simulated over 3 ms to visually show how the controller reacts to various voltage 
levels as the capacitor builds up charge; the resulting simulation image is shown 
in Figure 6-7. 
 
Figure 6-7: Simulation of LT3652 test fixture over a 10 ms period 
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As seen from the waveforms (the red line representing the capacitor 
voltage and blue line representing the current charging the capacitor), when the 
reference voltage increases from 0 to approximately 2V, the current remains 
constant—representing the capacitor being charged (*  ¬ @H[ ).  Next, as the 
voltage increases more rapidly over time towards the 3.3 V reference voltage, the 
current into the capacitor also increases; thus further describing that the current 
and first derivative of voltage from the capacitor are directly proportional.  Lastly, 
after the voltage reaches the 3.3 reference voltage, the current is approximately 
0 A—illustrating that the capacitor is fully charged or in other words has reached 
full capacity.  From the simulation results, the controller behaves as expected.  
The following subsections will describe the process for testing the designed 
charge controller representation that will be used in conjunction with a 12 V lead-
acid battery. 
6.5—LT3652 Controller for a 12 V Lead-Acid Battery Simulation and Results 
 In order to simulate the circuit from Figure 6-3, a few modifications must 
be made due to the complexity of the circuit and limitations based on the 
provided components in the LTSpice library.  Within the figure, the three most 
difficult components to create in LTSpice are the solar panel input, the NTC 
thermistor, and the output battery.  These three components are not readily 
available for the user to implement in LTSpice; however, by knowing how the 
various pins on the controller operate, a few assumptions and adjustments to the 
circuit can be made for simulation purposes. 
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6.5.1—Modifications for Simulation Purposes 
 The photovoltaic circuit is the first modification used to represent a 40 W 
solar panel.  From Table 5-7, the solar panel characteristic shows a maximum 
power current of 2.35 A and an open-circuit voltage of 21.8 V.  These values are 
represented by a current source and the amount of diodes strung together in 
series.  Since the diodes each have a forward drop of 0.85 V, approximately 26 
diodes will be used to represent the open-circuit voltage of  
21.8 V. 
 
Figure 6-8: LTSpice solar panel circuit representation 
 Figure 6-8 shows the solar panel model for a 40 W system.  Additionally, 
to demonstrate the characteristics of the modeled solar panel in Figure 6-8, 
Figure 6-9 shows the simulation results for the I-V curve.  The maximum power 
point, indicated by the intersection between the output current (blue curve) and 
the output power (red curve), intersects approximately 40 W, which corresponds 
to the panel that was chosen to be simulated.  Based on these results, this 
implementation can be used as the input for the LT3652 controller. 
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Figure 6-9: I-V and power curves for a simulated 40 W solar panel model; blue line denotes the I-V 
curve, red line represents the power curve 
 The next parameter to be modified is the NTC thermistor.  The NTC pin, 
as described in the previous section, is mainly used as the IC’s safe-switch.  
When the thermistor exceeds or falls below a certain temperature, the resistance 
of the thermistor will vary and thus pull the NTC pin high, disabling the charging 
function of the controller.  However, for simulation purposes, temperatures do not 
pose a problem for the “ideal” situation; thus a simple resistor of 10 kΩ can be 
used instead to replace the 10 kΩ thermistor. 
 Lastly, the battery source will be modeled as a varying voltage source due 
to the complexity of implementing a physical model based on an actual battery’s 
chemistry and amp-hour capacity.  The voltage source will be linearly swept from 
numerous DC voltage values that fluctuate between 8V – 12V to provide a better 
representation of how the charge controller will operate and hopefully, duplicate 
similar waveforms as developed in Figure 6-7. 
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6.5.2—Overall LTSpice Circuit Representation 
 In order to simulate the circuit model intended for actual use, the three 
parameters from the previous subsection will be integrated with the circuit 
schematic shown in Figure 6-10. 
 
Figure 6-10: Final LT3652 circuit implementation for simulation 
 For simulation purposes, the battery source will vary linearly through 
increments of one millisecond.  Additionally, each millisecond will represent a 
stage at which the voltage will fluctuate—Table 6-1 summarizes the stages that 
the will be monitored and analyzed to show the charge controller’s operation. 
Table 6-1: Simulation stages for LT3652 
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Figure 6-11: Simulation result for LT3652 connected to a 12 V battery source 
 Figure 6-10 displays two parameters of interest—the red line represents 
the varying voltage ramp and the blue line represents the fluctuating current 
through the sensing resistor.  The specifics of the waveform are difficult to see 
since the current spikes occur instantaneously.  However to visually show the 
current that is flowing through the battery in the absence of instantaneous peak 
currents, a few finite screenshots are captured to represent the stages in Table 
6-1.  These stages are captured and shown in Figure 6-11 (a), (b), and (c), where 
each letter in chronological order represents the sequential stages within the 
simulation.  From these waveforms, the discrete currents for different varying 
voltages can now be seen and will allow deductions to be made based on how 
the current will be affected for differing reference voltages as seen by the 
feedback pin. 
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(a) Stage 1: waveforms measured between interval of 0 and 1 ms— 
voltage linearly increasing from 10 to 14 V 
 
(b) Stage 2: waveforms measured between interval of 1 and 2 ms— 
voltage linearly decreasing from 14 to 8 V 
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(c) Stage 3: waveforms measured between interval of 2 and 3 ms— 
voltage linearly increasing from 8 to 14 V 
Figure 6-12: Current waveforms for ramping voltages between 0 and 3 ms 
When connected to the varying battery source, the charge controller is 
designed to switch to a 12.7 V floating charge mode when the charge current 
falls below 0.1 A, re-initiates to 13.0 V fast charge mode if the battery voltage 
falls below 11.2 V, and trickle charges at 0.15 A if the battery voltage falls below 
9.6 V.  These specifications will be often referred to for the description of each 
image in Figure 6-12. 
Part (a) shows the current waveform during the 0 – 1 ms period when the 
voltage is linearly increasing from 10.0 V to 14 V.  As the voltage increases from 
10.0 V to 11.2 V, the current remains approximately constant around 0.15 A.  
However as the voltage exceeds 11.2 V, the controller switches to a 13.0 V fast 
charge mode and increases the current to a maximum (1.0 A) in order to 
maintain the battery at full capacity.  When the voltage reaches 13.0 V, the 
controller initiates its floating charge mode, slowly providing a charge current to 
keep the battery at its state of charge. 
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Part (b) illustrates the current waveform during the 1 – 2 ms period when 
the voltage is linearly decreasing from 14 V to 8 V.  As the voltage decreases 
from 14 V to approximately 13.0 V, the current increases from its floating charge 
to 1.0 A to represent the fast charging mode since the voltage has fallen below 
the designed threshold.  As the voltage drops below about 9.2 V, the current is 
reduced to 0.15 A as the controller is trickle charging. 
 Part (c) depicts the current waveform during the 2 – 3 ms interval when 
the voltage is again linearly increasing from 8 V back to 14 V.  As the voltage 
increases past 9.2 V, the controller exits its trickling mode and the charger 
current is then increased to its fast charging rate—supplying the maximum 
charge current of 1.0 A to the battery.  Lastly, as the voltage again reaches 13.0 
V, the current is essentially returned back to a floating charge rate. 
6.6—Experimental Testing of LT3652 
 After the simulations were run for the charge controller, parts were 
ordered for the battery charger and constructed based on the schematic shown 
in Figure 6-3 with the calculated input and feedback resistances determined in 
the previous section.  In order to minimize costs, all parts were ordered as 
through-hole and will be mounted onto a protoboard.  In addition, since a 
through-hole technique will be used for construction of the battery charger, a 
separate adapter must be included in order to match the LT3652 IC package 
selection with a compatible DIP pin-out.  After placing all the components 
together, the final product is shown in Figure 6-13 (a) and (b).  
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(a) Top-view of charge controller 
 
(b) Bottom-view of charge controller 
Figure 6-13: Constructed through-hole LT3652 solar battery charger 
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6.6.1—Testing Different Modes of Operation for the Charge Controller 
 Similar to how the simulation was operated, discrete voltage levels will be 
used in order to determine the threshold voltages for the different modes of 
operation of the charge controller.  In addition, without using a solar panel as an 
input to the charge controller, a voltage source will be tied directly to the input pin 
of the IC to replicate the theoretical peak-power voltage for a 40 W solar panel. 
6.6.2—Problems Encountered with Charge Controller 
When connected to a 12 V lead-acid battery, the charge controller did not 
operate as expected.  The reasons for the differences could be caused by the 
switching fluctuations seen by the sensing resistor.  Through implementation, the 
sensing resistor was connected as closely as possible to the sense pin.  The 
switching noise, as measured by the oscilloscope, showed that the voltage 
across the sensing pin never reached the expected value of 100 mV 
(representing a maximum 1.0 A charge current).  Using an available 75 amp-hour 
12 V lead-acid battery at approximately 80% charge, the charger is expected to 
provide a 1.0 A charge current and trickle charge at approximately 13.0 V.   
During testing, the initial voltage from the battery terminal was measured 
as 12.45 V.  At this voltage, the charger should immediately sense that the 
battery must be quickly charged in order to reach its full capacity as seen through 
the simulations.  However, this result was not observed.  Instead, the battery 
began to trickle charge at approximate 0.15 A without any variations in charge 
current for an hour of charge.  The results of the battery charging are shown in 
Figure 6-14 and 6-15. 
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Figure 6-14: Battery voltage variation of time using designed charger 
 
Figure 6-15: Battery charge current over time using designed charger 
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 As seen over the extended period of time, the charge current does not 
increase to the 1.0 A simulated value.  Thus, the controller went through some 
trouble-shooting to determine the source of the problem; however, before any 
conclusions could be developed, the charge controller adapter and integrated 
circuit were damaged beyond repair.  Due to the shipping time associated when 
ordering parts, the charge controller could not be obtained in time for completion.  
Therefore, testing on the charger has momentarily stopped and will be included 
as a future work project as described in Chapter 8. 
6.7—DC-DC Converter for 20 V Output 
 As determined in Chapter 4, the optimal voltage to achieve 96% power 
efficiency was found to be 20 V. After determining how the battery will be 
charged, the next sequence of events is to determine how the voltage from the 
battery can be increased from its nominal 12 V to 20 V.  From power electronics, 
the basic circuit used to step the voltage to a higher value is called a boost 
converter.  Categorized as a special form of a DC/DC converter, the boost 
circuitry as shown in Figure 6-16 uses an inductor, MOSFET, and a diode to 
produce a set output voltage based on the switching rate (also referred to as the 
time-on or duty cycle) of the MOSFET.  
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Figure 6-16: Basic boost converter circuit layout and general operation 
 A brief introduction for a basic boost converter will establish the 
background before selecting an IC that will be used to step-up the battery’s 
voltage to a regulated 20 V for the luminaire. Without going into the specifics for 
the boost converter, the general derivation for the output voltage comes from the 
duration of time that the switch is closed as shown in the top image of  
Figure 6-16.  In this position the source is connected only through the inductor 
and as a storage component, the inductor becomes energized for a certain 
amount of time—denoted by the duty cycle of the converter.  When the switch 
opens as shown in the bottom image of Figure 6-16, the energy stored within the 
inductor charges the capacitor by passing through the diode.  Thus the energy 
initially stored by the inductor when the switch was in the “ON” position is now 
stored in the capacitor, which also represents the output of the converter. 
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Analyzing and equating the current and voltage representations for the 
capacitor and inductor during the “ON” and “OFF” stages of the switch, equation 
(6.12) generalizes the step-up effect of the boost converter during continuous 
conduction mode (CCM): 
 
@EFl
@D  %%QV (6.12) 
  In order to achieve the necessary regulated 20 V output voltage, the 
LT3757 controller has been selected to perform the necessary step-up operation 
while providing high power efficiencies.  The following sections will thoroughly 
describe the design, simulation, and testing for the boost converters that will be 
implemented as an intermittent stage between the battery and luminaire as 
shown from the flow chart in Figure 6-1. 
6.8—LT3757 Boost Controller Description and General Schematic 
 The main concern when choosing a controller is the variability in the input 
voltages.  Since a boost converter will be used for the system integration, the 
controller must be able to accept the voltage variations from the lead-acid battery 
caused by the different levels of battery stage of charge.  Linear Technology’s 
LT3757 is suitable for numerous applications that require a boost, flyback, 
SEPIC, or inverting DC/DC converter with either positive or negative output 
voltages.  In addition, the LT3757 controller has a wide input range that spans 
from 2.9 V to 40 V, which easily fulfills the voltage variability from the battery. 
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With the detailed understanding of each pin’s purpose, the LT3757 
datasheet also contains a schematic for one of the typical application for using 
the IC.  Figure 6-17 shows the modified boost converter that accepts input 
voltages ranging from 11 V to 14 V and outputs a regulated 20 V at a rated 2 A. 
 
Figure 6-17: LT3757 boost converter application with 24 V output at rated 2 A [26] 
 With the basic idea of the circuit schematic for the boost converter in 
Figure 6-17, the feedback loop can be modified in order to scale the output 
voltage to 20 V.  Additionally, when parts are used for the actual design, the 
luminaire will require a larger output current; thus, the components such as the 
diode and inductor should be selected based on their tolerance for higher 
currents. 
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6.9—LT3757 Converter Design and Simulation Results 
 The boost converter for the luminaire application does not require a great 
deal of modifications from the schematic in Figure 6-17.  As determined in 
Chapter 4, the desired output voltage for powering the luminaire is 20 V.  Thus, in 
order to obtain a regulated 20 V output, the feedback resistances must be 
modified based on the feedback pin’s positive output mode of operation.   Briefly 
mentioned in the feedback pin description, the pin voltage is referenced from a 
voltage value of 1.6 V. Thus, using a voltage divider at the feedback pin for a  
20 V output voltage and an arbitrary resistance value for R1 (resistor connected 
to output voltage) of 200 kΩ for simplicity, equation (6.13) shows the general 
sizing formula for selected resistor values [30]. 
 ]³  1.6 ] X ±1  _O_%² (6.13) 
 Based on the equation above, with a selected resistance value of 200 kΩ 
for R1, R2 is determined as 17.391 kΩ.  Thus, the two resistor values for R1 and 
R2 in the feedback loop design are selected as 17.4 kΩ and 200 kΩ, 
respectively. 
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In addition, the inductor size must be selected to avoid having the 
converter operate in discontinuous conduction mode (DCM).  When the converter 
operates in DCM, the inductor.is used inefficiently and requires higher power 
components to ensure the larger peak inductor currents will not damage output 
components.  Thus, to determine the minimum inductance required for the 
converter, an initial calculation for the maximum duty cycle (denotes when the 
converter has the minimum input voltage) is shown in equation (6.14). 
 =Z  @EFlQ@q´/#q´1@EFl  OYQ%%OY  0.45 (6.14) 
From the determined maximum duty cycle, the ripple current can be 
calculated by equation (6.15), where χ denotes the percentage of peak-to-peak 
ripple current from the inductor with respect to the maximum output current.  Χ is 
recommended to fall within the range of 0.2 to 0.6; however, larger ∆IL result in 
fast transient responses and allows the use of lower inductances, but results in 
higher input current ripple and greater core loss.  For the design, a χ of 0.4 has 
been selected. 
 µ(  ¶ X (S/·¸¹1 X %%QV#Lº  0.4/21 ± %Y.²  1.4545 (6.15) 
From the ripple current and minimum input voltage, the minimum inductor 
size (Lcrit) can be calculated based on the minimum peak current through the 
inductor as shown in equation (6.16). 
 ;[  @ª«/»¼½1¾mXT X =Z  %%%.aaXNYY,YYY X 0.45  11.3438 μÁ (6.16) 
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Thus, from the critical inductance determined from equation (6.16), the 
inductance value selected as 15 µH to ensure that the boost converter will 
operate in CCM at minimum load (0.35 A for one section of the luminaire). 
 After establishing the component changes for the schematic of Figure 6-
17, LTSpice will again be used to simulate the circuit with the modifications.  The 
layout and results are shown and described in the following subsections. 
6.9.1—Boost Converter LTSpice Schematic 
 The implementation of the LT3757 on LTSpice is relatively straightforward.  
As calculated previously, the feedback resistance values have been modified and 
two Schottky diodes will be used in place of the single Schottky (Figure 6-17) to 
relieve the current strain on the diodes.  In addition, since LTSpice is only used 
as a simulation tool to demonstrate the proof of concept for the boost converter, 
the parts associated with the output must be able to withstand the current 
stresses depending on the amount of current required by the luminaire.  For this 
reason, an attached load on the output of the converter will represent the 
luminaire drawing 4 A (3.6 A was rounded up for device protection) when all 
sections of the luminaire are operating.  Figure 6-18 shows the screen-capture of 
the schematic implemented on LTSpice. 
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Figure 6-18: LTSpice circuit schematic for simulating the LT3757 controller 
6.9.2—Boost Converter LTSpice Simulation Results 
 After confirming that no errors are present in the boost converter 
schematic, the circuit was simulated for until steady state has been reached.  
Figure 6-19 depicts the initialization of the controller before steady state has 
been reached. 
 
Figure 6-19: Initialization of LT3757 boost converter modeled by LTSpice 
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From the initial startup of the controller, the converter starts to achieve 
steady state after approximately 1.1 ms as illustrated by the green line.  Shortly 
after 1.1 ms, a slight output voltage ripple can be seen as the controller begins to 
oscillate and stabilize around 20 V as shown in Figure 6-20. 
 
Figure 6-20: Steady state voltage of LT3757 boost converter modeled through LTSpice 
Within power electronics, voltage rippling effects can ultimately damage 
systems if their magnitudes are large enough.  As seen from the voltage 
waveform in Figure 6-20, the output voltage waveform demonstrates only slight 
voltage ripples around the desired 20 V output voltage.  This slight voltage ripple 
is reassuring from a design point-of-view since the slight fluctuation will not 
drastically provide a large overvoltage that could damage the luminaire.  For 
comparison with the determined experimental output ripple, the simulated output 
ripple is calculated through equation (6.17) as follows [26]: 
 % ]³Q_kkU  @¤Â¢C§¡¨Q@¤Â¢C§ª«@¤Â¢C«¤§ª«¡m X 100% (6.17) 
  OY.YNbQ%.NOY X 100% 
  0.2655% 
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The amount of variability in the simulated output voltage was determined 
to be 0.2655%; this value elaborates on the fact that the boost converter 
regulates the 20 V output voltage effectively and additional output capacitors for 
smoothing effects will not be necessary. 
The next simulation test will verify that the converter operates in CCM 
even at minimum loads.  During the previous simulations, the converter was 
tested at full-load (4 A or the equivalent of all sections of the luminaire turning 
on), which guarantees the inductor current will not fall below 0 A due to the high 
output current.  However, when one section of the luminaire turns on (minimum 
load), the inductor current must not fall below 0 A in order to maintain CCM.   To 
demonstrate that the converter is still operating in CCM, the output load is set to 
draw 0.35 A and the output waveform is shown in Figure 6-21. 
 
Figure 6-21: Inductor current for boost converter at minimum load (0.35 A) 
 As seen in Figure 6-21, the minimum output current from the inductor is 
greater than 0 A, which denotes CCM operation at even minimal load. 
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6.10—Experimental Testing of LT3757 
 After verifying the operation of the LT3757, parts were ordered for the 
converter and constructed based on the drawn LTSpice schematic shown in 
Figure 6-16.  Similarly to the charge controller, all parts were ordered as through-
hole and will be mounted onto a protoboard to minimize costs.  Also, since a 
through-hole technique will be used for construction of the boost converter, a 
separate adapter must be included in order to match the LT3757 IC package 
selection with a compatible DIP pin-out.  After purchasing the components, the 
circuit was constructed as shown in Figure 6-21. 
 
 
Figure 6-22: Constructed through-hole LT3757 boost converter 2 
  
Boost Output (+) 
Boost Output (-) 
And 
Input (-) 
 
Input (+) 
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6.10.1—Problems Encountered with Boost Converter Design 
During the implementation of the boost converter, several problems were 
encountered that required additional modifications to achieve more desirable 
results.  These problems were unavoidable due to the nature of the circuit layout.  
Since a protoboard was used to construct the circuit, solder leads and the 
unavailability of a ground plane introduced additional resistance and switching 
noise that inadvertently affects the MOSFET, which consequently affects the 
voltage sensing pin.   
The first necessary alteration was to modify how the voltage was being 
sensed at the SENSE pin.  According to the LT3757 datasheet, the pin has a 
maximum voltage tolerance of 120 mV; thus if the experimental value were to 
exceed this value, the controller would no longer be regulating at the proper 20 V 
output.  To limit the voltage sensed at this pin, the sensing resistor was reduced 
to half of its design value (from 0.01 Ω to 0.005 Ω).  In addition, since the 
controller is operating at 300 kHz, the rate at which the MOSFET turns on and off 
is subject to voltage fluctuations from the controller.  Therefore a low-pass filter 
was added in conjunction with the current sensing resistor and source of the 
MOSFET to limit the amount of noise present in the system.   
 
Figure 6-23: Low-pass filter for boost converter to reduce high frequency noise [26] 
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 The low-pass filter was implemented with a resistor and capacitor 
combination as shown in Figure 6-22.  As seen by the filter, the input voltage is 
essentially the node connecting the drain of the MOSFET, 22 Ω resistor, and 
current sensing resistor; and the output is the node connecting to the SENSE pin.  
The two passive components were chosen based on a frequency that is at least 
twice the frequency of the controller (300 kHz); the selected values are based off 
filter design values for other applications that use the LT3757.  Thus, the 
calculation for the cutoff frequency of the low-pass filter can be shown in 
equation (6.18). 
 :  %Ou_  %Ou/OO1/O.OX%YCÃ1  3.2883 ÄÁ (6.18) 
 The cutoff frequency designed is 3.2883 MHz; therefore, any frequency 
beyond this value will be filtered out—eliminating high switching noises that could 
affect the SENSE pin voltage. 
 Prior to implementing the low-pass filter, the maximum load that the 
system could handle—without dramatic variation on the output voltage—was 
approximately 1.0 A; however, after implementing the low-pass filter, the 
maximum load that the controller can tolerate increased to roughly 2.5 A.  
Although this value is less than the desired output load of 3.6 A at 20 V (equating 
to 72 W to power the luminaire), the voltage modification stage of the system 
design can be altered to include two boost converters, each of which will control 
half the luminaire and provide a theoretical 1.8 A at 20 V.   
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The use of two boost converters instead of one has its own advantages 
and disadvantages.  One advantage is that if one converter were to malfunction, 
only one side of the luminaire will be affected; thus, this creates a partially 
isolated system.  Also in terms of power efficiencies, when operating at larger 
loads, the boost converter’s efficiency decreases due to the additional power 
dissipated as heat through the switching components.  On the other hand, the 
disadvantages associated with having two boost converters are the voltage 
variations between converters and the cost of implementing the second 
converter.  However, properly implementing the boost converters will only cause 
slight voltage variations when measured.  Furthermore, these voltage differences 
would cause an unsubstantial current difference that one would not be able to 
see through the LEDs with a naked eye.  The configuration of the boost 
converters in conjunction with selected sections will be discussed in the last 
chapter as a precedent for future work. 
Within the following subsection a few tests will be conducted to quantify 
the quality of the boost converter and experimentally shows how insignificant the 
disparities are between both boost converters.  These tests will include load 
regulation, line regulation, output voltage ripple, and power efficiency. 
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6.10.2—Line Regulation 
 The first experimental test conducted deals with the line regulation of the 
boost converter.  Line regulation refers to the ability of the converter to maintain 
the designed output voltage at full-load even when the input voltage fluctuates.  
By calculating line regulation, approximations can be made to see how much 
change is expected when the input of the system is unknown. 
 The starting point for this experimental test deals with the expected 
fluctuations in input voltages.  As mentioned before, the input to the boost 
convert is supplied by a 12 V lead-acid battery, whose voltage can range 
anywhere from approximately 11 V to 13.5 V.  Thus, the boost converter should 
be able to at least manage input voltage fluctuations within the various levels of 
battery capacity.  As a safety factor, line regulation was measured from 11 V to 
14.5 V to include the entirety of the possible battery voltages.  The measured 
input and output parameters for the boost as well as the calculated power and 
efficiencies for varying input voltages at full-load (2 A) are shown in Table 6-2. 
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Table 6-2: Measured line regulation data for boost converters 
 
From the measured values shown in Table 6-2, the percentage of line 
regulation for each boost converter is calculated as shown in equation (6.19) 
[25]: 
 % ;* P?>*   @EFl/"qÅ"IDl q´ÆFl1Q@EFl/ÇEKIDl q´ÆFl1@EFl/´E#q´LÇ1 X 100% (6.19) 
 Summarized by the right-most column in Table 6-2, the line regulation is 
determined as 0.20% and 0.40% for boost converters 1 and 2, respectively.  
Placing these values into perspective, over the wide range of input voltages that 
the 12 V battery could vary, the output voltage will only fluctuate at a maximum of 
0.40% when sourcing 2 A to the load. 
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6.10.3—Load Regulation 
 Similarly to line regulation, load regulation follows the same premise for 
how the percentage is determined.  Load regulation refers to the converter’s 
ability to maintain the output voltage even when the output power fluctuates due 
to the load being drawn.  By determining the load regulation for the converter, 
approximations for how the converter will operate at different loads can be 
determined to maximize how much load should be drawn by the converter. 
 As a basis for the calculating load regulation, two assumptions are 
made—the nominal voltage for a battery (typically at full capacity) is 13 V and 
full-load is represented by an output current of 2 A.  From these assumptions, the 
measured values for determining load regulation are shown in Tables 6-3 and  
6-4. 
Table 6-3: Measured load regulation parameters for boost converter 1 
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Table 6-4: Measured load regulation parameters for boost converter 2 
 
From the measured parameters in Tables 6-3 and 6-4, the load regulation 
is determined using equation (6.20) as follows [25]: 
 % ;) P?>*  @EFl/ÇEK ÇELM1CÈEFl/JFÇÇ ÇELM1@EFl/´E#q´LÇ1 X 100% (6.20) 
 The right-most columns in Tables 6-3 and 6-4 display the load regulation 
as a percentage for each boost converter—1.35% (boost converter 1) and 1.40% 
(boost converter 2).  These load regulation values construe that in the worst case 
scenario between both converters, the output voltage will only vary on average 
1.40% for loads ranging from 0 to 2 A.  This value also provides some jurisdiction 
for determining the input and output requirements for varying loads. 
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6.10.4—Output Voltage Ripple 
Output voltage ripple is a measure of repetitive or steady state deviation in 
the output voltage.  Voltage ripple is typically given as a percentage of the 
average output voltage.  For the two boost converters, an additional 570 µF 
capacitance was added across the output pin to reduce the peak-to-peak 
current—typically the higher the load, the larger the ripple due to leakage current 
in the capacitors.  Equation (6.21) shows the equation for determining output 
ripple. 
 É>> ]>? P*  @ÆÆCGqÆÆÇI@EFlÆFl  (6.21) 
With the output sourcing 2 A (full-load), the output voltage ripple was 
measured for both boost converters using a scope probe.  The oscilloscope 
captures for boost converter 1 and 2 are shown in Figures 6-23 and 6-24, 
respectably.   
 
Figure 6-24: Output voltage ripple for boost converter 1 
390 mV Vpp 
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Figure 6-25: Output voltage ripple for boost converter 2 
 Based on the measured peak-to-peak output voltages in Figures 6-23 and 
6-24, the percent output ripple for each boost converter is calculated using 
equation (6.18).  The summary of the percent output ripple is shown in Table 6-5. 
Table 6-5: Summary of boost converter percent output ripple 
 
6.10.5—Power Efficiency 
The power efficiency for each boost converter can be read from either of 
the line regulation or load regulation tables from the previous sections.  For each 
boost converter, the expected load is 1.8 A (80% load).  Based on this load, the 
power efficiencies for each converter are summarized in Table 6-6. 
Table 6-6: Summary of boost converter power efficiencies 
 
  
170 mV Vpp 
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CHAPTER 7—CHARACTERIZING AND TESTING LUMINAIRE 
7.1—Testing Techniques for Characterizing Luminaire 
 Since LEDs are a relatively new technology used for outdoor lighting, the 
lighting system must be tested to see how well the device will correlate with other 
designed luminaires.  For this purpose, the IESNA has devised two lighting 
measurement procedures for LED lighting—the LM-79 (Approved Method: 
Electrical and Photometric Measurements of Solid-State Lighting Products) and 
LM-80 (Approved Method: Measuring Lumen Maintenance of LED Light 
Sources).  The overall testing results will attempt to follow LM-79 regulations 
established by the IESNA; however due to some of the more complex tests that 
require specialized equipment, several experimental analyses will be omitted.  In 
addition, since the LM-80 pertains to the testing the lumen depreciation of the 
luminaire, this study will also be excluded since proper apparatuses and testing 
environments are not readily available. 
7.2—Light Measurements (LM-79) Specifications for Luminaire Design 
The LM-79 is a developed testing standard for new LED light fixtures to 
conform with.  The testing and measurement procedures allow the user to 
evaluate the suitability of a solid-state lighting system for its use in a particular 
application or to compare other lighting systems against the one designed.  The 
information provided in the study includes classification of the total luminous flux, 
electrical power, efficacy, and chromaticity of the luminaire [27]. 
Unlike traditional methods which are based off the use of relative 
photometry with test lamps and ballasts, LED fixtures are tested using absolute 
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photometry with production LEDs and fixtures in the orientation in which it will be 
installed.  Instead of using the normalized test data, absolute testing measures 
the actual light distribution and intensity produced by the luminaire. 
LM-79 testing is usually performed using a goniophotometer.  A 
goniophotometer measures the spatial distribution of a radiation source and 
displays the photometric properties of light visible to the human eye in relation to 
a defined angular position.  The test set-up is normally performed as shown in 
Figure 7-1. 
 
Figure 7-1: Test set-up as per LM-79 testing 
 Figure 7-1 (a) represents the testing apparatus for all types of solid-state 
lighting products and Figure 7-1 (b) shows the setup for testing products that only 
emit light in a forward direction. 
 Since the following apparatus is not available to use, alternative tests 
involving a Lux/Candela meter and methods will be conducted in the following 
sections to demonstrate the overall quality of the design.  These tests will allow 
comparison between the roadway lighting requirements as described in  
Chapter 4. 
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7.3—Luminous Efficacy 
 Secondly when dealing with the voltage and current consumed by each 
section and the overall fixture as a whole, the power consumption plays an 
important role in determining the system efficiency—otherwise referred to as 
luminaire efficacy.  Luminaire efficacy is one of the most commonly referred-to 
parameters when dealing with any sort of luminaire.  As defined, a luminaire 
includes all parts of the system that are required to turn the device on—including, 
but not limited to, the necessary controls, power supplies, and other electronics 
[28].   
 Lighting energy efficiency is described in terms of lamp ratings and fixture 
efficiency.  The lamp rating indicates how much light (in lumens) the lamp will 
produce when operating at standard room temperatures of 25⁰C.  The luminous 
efficacy of a light source is typically measured based on the rated lamp lumens 
divided by the nominal wattage of the lamp—equating to units of lumens per watt 
[28] 
The City of Los Angeles specifies a minimum luminaire efficacy desired of 
50 lumens per watt.  This design achieves the luminaire efficacy of 53.9862 lm/W 
as shown by the calculation based on equation (7.1): 
 ;8** <::*++j   tZ v[ t[t[`[  V t[ kS^ (7.1) 
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 53.9862 Z  
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The calculated input power was determined using the total power required 
to turn one section of the luminaire on.  This calculation was done by attaching a 
power supply with a 13 V input to the boost converter and then determining the 
current outputted by the power supply as illustrated in Figure 7-2.  The voltage 
and current displayed on the power supply denote the input power used by the 
luminaire section. 
 
Figure 7-2: Measuring input power with consideration of boost converter efficiency losses 
From this calculation, the determined luminaire efficacy is found adequate 
in meeting the specifications set by the City of Los Angeles.   However, since the 
system is designed to work without connection to the grid, the effective power 
consumption, which is the driving factor of the calculated luminaire efficacy, is not 
as important as the quality of light and its relative distribution on a horizontal 
plane.  For this reason, the following sections will introduce various methods of 
measuring the illumination distribution of the luminaire.   These measurements 
will allow comparisons to be made between IESNA roadway light practices. 
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7.5—Isolux diagram 
One method used to characterize the luminaire is to model the incident 
light distribution based on varying levels of illumination.  Isolux diagrams display 
contours of equal illuminance produced by a luminaire mounted at a given height; 
this information gives a general idea how the light will be dispersed.  Also, isolux 
diagrams, when superimposed correctly with the layout of an area, can show 
how the light will be received within specific positions in the room [29]. 
For this test, a mounting height of three meters was used to show the 
illumination distribution as illustrated in Figure 7-2.  The origin (denoted by the 
intersection of 0 meter, 0 meter) describes the center of the luminaire, from three 
meters away, relative to the grid.  As shown in the figure, eight different contours 
show the luminaire’s illumination distribution spread out in relation to the distance 
from the center of the luminaire.   
The two highest measured contours are denoted by the smallest eclipses 
(labeled as 800 and 900 lux).  From the isolux diagram, the contours show that 
the two areas that contain the maximum illumination lie between the 
superimposed distributions caused by all ten sections of the luminaire. 
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Figure 7-3: Isolux diagram for developed LED luminaire at a mounting distance of 3 meters 
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 As demonstrated in the ellipse-shaped contours in Figure 7-2, the 
luminaire exerts a more outward dispersion of light as desired in the roadway (x-
axis) direction.  The difference in lighting widths (roadway compared to sidewalk) 
further justifies the intended design of a type II luminaire in which the outward 
span ranges between 1.0 to 1.75 times the mounting height.  The next section 
will compare how the illuminance and luminance compare with desired roadway 
lighting quantities specified by the IESNA. 
7.6—Illuminance Cone Diagram 
Another photometric test used to demonstrate illuminance capability of the 
luminaire is the illuminance cone diagram.  The cone diagram portrays the 
fixture’s ability to provide directive lighting by showing the maximum illuminance 
for the luminaire from varying mounting heights.  Figure 7-4 shows the 
illuminance cone diagram for the designed luminaire from one meter up to seven 
meters away; the seven meters representing the approximate mounting height of 
the luminaire. 
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Figure 7-4: Illuminance cone diagram for entire luminaire 
To demonstrate the differences between the illuminance cone diagrams 
provided by the whole luminaire and by one section of the luminaire, Figure 7-4 
includes two columns showing the maximum illuminance for ten sections versus 
one section of the fixture. 
 Comparing the maximum illumination provided from one section versus all 
sections at a seven meter mounting height differs quite dramatically.  When the 
entire luminaire is on, the maximum illumination is roughly six times larger than 
that for one section of the luminaire.  This difference shows the effectiveness of 
overlapping sections of the luminaire.  
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7.7—Comparing Lighting Capabilities to Common IESNA Roadway 
Practices 
The most important aspect of the luminaire is its ability to meet or exceed 
the common roadway specs described both by the IESNA RP-8 and the City of 
Los Angeles.  The typical characteristic of the 100 W fixtures in Los Angeles, the 
roadway and sidewalk widths of the luminaire should receive sufficient lighting 
over ranges of 30’ – 36’ and 10’ – 12’, respectively.  In order to determine the 
measured light at each of these instances, Figures 7-6 illustrates the distances 
associated with both the roadway and sidewalk lighting ranges.  The intervals of 
interest are denoted by tick marks; measured values at these instances will be 
compared with the common roadway illumination practices listed by the IESNA. 
 
 (a)   (b)   
Figure 7-5: Measurements of interest to be taken for (a) roadway and (b) sidewalk distances 
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The distances displayed in Figure 7-5 represent only one-half of the 
required span supported by the luminaire.  To clarify, the typical span for a  
100 W fixture has a roadway range of 30‘ – 36’; thus using symmetry, this range 
can be reduced to just measuring illumination values from 0’ – 18’.  Using this 
same concept for the required 10’ – 12’ sidewalk range, measurements will be 
taken from 0’ – 6’.  Therefore, the area encompassing the surface area of interest 
can be illustrated by an 18’ x 6’ grid.  Analyzing a fourth of the entire span 
suffices for determining whether the extreme ends of the area of illumination 
provides adequate lighting.  The area where a grid will be established and 
measurements will be taken is depicted in Figure 7-6. 
 
Figure 7-6: Area of illumination constructed based on typical range requirements 
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7.7.1—Lighting Requirements for Roadways Based on IESNA 
 Lighting designs have been monitored and documented by numerous 
sources to ensure that specific areas obtain proper lighting for their intended 
purposes.  Two of the most common standards light analysts use to design 
luminaires are the regulations established by the IESNA (Illuminating 
Engineering Society of North America) and the CIE (International Commission on 
Illumination).  The specifications for each standard and their corresponding 
purpose are summarized in Table 7-1. 
Table 7-1: Standards associated with roadway lighting [30] 
 
Since the IESNA is more commonly used throughout North America, the 
ANSI/IESNA RP-8-2000 standard will be followed more closely.  The IESNA 
specific uses three methods for describing lighting of roadways: illuminance, 
luminance, and small target visibility (STV).  The IESNA recommends that the 
lighting designer satisfy at least one of the methods and attempt to meet the 
other two requirements as closely as possible.  The following tables are an 
excerpt from the ‘Luminance Method’ set forth by IESNA. 
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Table 7-2: IESNA metrics used to measure light criteria [30] 
 
Table 7-3: IESNA metrics for average maintained illumination in pedestrian areas [30] 
 
 Tables 7-2 and 7-3 serve as an introduction to the numerical values that 
the designed luminaire will attempt to mimic.  The next section will compare the 
actual results with the desired requirements to see whether these values 
correlate. 
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7.7.2—Illumination Comparison for Designed Luminaire 
Following the distances of interests in Figure 7-6, measurements were 
taken based on the relative roadway (X-coordinate) and sidewalk (Y-coordinate) 
location on the horizontal plane with respect to the mounted luminaire  
(0’ sidewalk, 0’ roadway).  The measured illuminance corresponding to the 
incremental roadway and sidewalk distances away from the mounted luminaire is 
depicted in Table 7-2 (a). 
Next, the measured illumination points are then compared to the average 
illumination Eavg to show how well these values compare with the ratios in Table 
7-3.  To perform this calculation, an average illuminance value was determined 
using the measured values in Table 7-4 (a); the illuminance average was then 
determined to be 82.05 lux.  Using this value, each entry in Table 7-4 (a) is 
recalculated to show the ratio of average illuminance (Eavg) to measured 
illuminance (Emin); the results are documented in Table 7-4 (b). 
Table 7-4: Measured illuminance and normalized ratios to compare with IESNA roadway practices 
(a) Illumination (lux) for varying distances away from mounted fixture 
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(b) Ratios for sidewalk illumination to compare with IESNA roadway practices 
 
Referring to Table 7-3, typical roadway practices require a maximum of 
18.0 lux and a uniformity ratio of 6 between the average illuminance and the 
measured illuminance.  Table 7-4 (a) and (b) display shaded regions in the 
corner of each table to represent the area containing the lowest measured 
illuminance.  In comparison with the desired illumination, roadway distances up 
to 18’ (the equivalent total span of 36’) and sidewalk distances up to 6’ 
(equivalent total span of 12’) provides sufficient illumination for the ‘Local’ 
intersection type.  The lowest measured illuminance within the specified area is 
20 lux and the corresponding ratio between average and measured illuminance 
is 4.1.  Therefore, based on the measured values, the luminaire adequately 
meets the minimum illuminance requirement set by the IESNA.   
Figure 7-7 summarizes the data from Table 7-4 to create a three-
dimensional image of the levels of illumination.  Based on the measured data, 
which represents one quadrant of the lit area, symmetry was used to determine 
the illumination distribution for the entire area shown in Figure 7-6 (total area 
covers 36’ x 12’).  The horizontal plane in Figure 7-7 represents the distances 
away from the mounted luminaire (located at 0 ft., 0 ft.) and the height denotes 
the measured illuminance at a specific coordinate. 
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Figure 7-7: 3-D model of illumination pattern for the designed fixture mounted at 26' 8" 
7.7.3—Luminance Comparison for Designed Luminaire 
The last comparative measure deals with the luminance at each distance 
away from the light fixture.  Illuminance as measured using a lux or candela 
meter describes the amount of light coming from a light fixture that lands on a 
surface—for this application, the surface of interest is the road pavement.  In 
contrast, luminance pertains to the actual amount of light reflecting off of the 
surface in a particular direction, and can normally be thought of as the measured 
brightness of a surface as seen by the eye [31].  
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The brightness or luminance of the surface that the eye sees depends on 
the reflectance or ratio of reflected light to incident light.  Equation 7-2 relates the 
two lighting quantities together with a reflectance factor as shown [32]. 
 ;8*+  (8*+ X P:+>+ (7.2) 
The unit for luminance in the above equation is expressed in apostlibs.  
Since the unit for illuminance (lux) cannot be directly converted into the desired 
quantity for comparing with the IESNA luminance values measured in cd/m2, 
apostlibs must first be converted to the SI unit cd/m2 by multiplying the apostlib 
value by a factor of 0.3183 (reciprocal of π).  However, when describing 
reflectance, the road pavement’s shininess and the lightness or degree of 
grayness (from black to white) must also be taken into account.  Due to the 
complexity and variation in the possibly types of pavements available, Table 7-5 
describes three quick estimates to convert the illuminance values to the 
equivalent luminance values. 
Table 7-5: Pavement color and conversion values for luminance and illuminance [33] 
 
Using the conversion factor in Table 7-5, the luminance values for both the 
roadway and sidewalk distances are summarized in Table 7-6. 
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Table 7-6: Pavement luminance (cd/m2) for varying distances away from mounted fixture 
 
 For both summaries of the luminance for the measured values, the 
calculations were made for three types of pavements.  As seen from the 
luminance values, the measurements compare quite favorably with the average 
luminance values from Table 3-4.  To summarize, the estimated values with 
luminance table, Table 7-7 shows the calculated average luminance and 
uniformity ratio for each pavement type, which will then be compared with the 
IESNA values from Table 7-2. 
Table 7-7: Summary of average luminance and uniformity ratios for luminaire for 12’ x 36’ area 
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The measurements provide clear evidence that the luminaire is capable of 
sustaining an average luminance of 0.6 cd/m2 over the entire lit area—as 
denoted by the left-most column in Table 7-7.  The only difference between the 
measurements arises from the uniformity ratios.  In terms of the desired street 
light replacement by the City of Los Angeles, the designed luminaire provides a 
uniformity ratio less the indicated value of 10 for the local roadway type.  Since 
Table 7-7 summarizes the uniformity ratio for the largest range required at a local 
intersection (12’ x 36’), if the luminance were limited to the minimum area (10’ x 
30’), the uniformity ratios are surely to decrease as shown by Table 7-9.  
Table 7-8: Summary of average luminance and uniformity ratios for luminaire for 10’ x 30’ area 
 
Similarly to Figure 7-7, the luminance calculations for the light-colored 
pavement in Table 7-6 is represented as three-dimensional model in Figure 7-8.  
The figure uses symmetry to project the luminance on all quadrants to denote the 
area lit by the designed luminaire. 
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Figure 7-8: 3-D model of luminance pattern for the designed fixture mounted at 26' 8" on a light-
colored pavement 
 Compared to the isolux diagram shown in Figure 7-3, both the illuminance 
and luminance diagrams follow the same relative contour levels of lighting.  Two 
central peaks are shown in both Figures 7-7 and 7-8, which again represents the 
overlapping sections of the designed luminaire.  The center of the luminaire (at 
the origin) still contains a high level of illuminance and perceived brightness on 
the light-colored pavement as indicated by the white-yellow area. 
The measured and estimated values show that the designed luminaire is 
capable of replacing its counterpart in roadway applications due to the directional 
LED illumination and the high average luminance maintained over various types 
of pavement. 
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7.8—Summary of Luminaire Specifications 
This section summarizes the basic specifications in terms of power 
requirement and lamp features with a side-by-side comparison with desired 
requirements for LED light fixtures by the Bureau of Street Lighting in Los 
Angeles.  As demonstrated through the earlier sections of this chapter, many of 
the features of the luminaire are adequately met in accordance with the desired 
requirements.  Table 7-10 summarizes the designed luminaire with the desired 
specifications. 
Table 7-9: Luminaire classification 
 
As seen by the side comparison, many of the lamp features are met.  The 
only difference may arise from the color temperature of the luminaire which sits 
at the end of the desired spectrum (4,600 K).  Thus for the final product, a 
shielding material may be used to reduce the color temperature of the perceived 
light. 
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CHAPTER 8—CONCLUSION AND FUTURE WORK 
8.1—Cost Reduction in Stand-Alone System Implementation 
The total cost of the designed system implementation is derived from the 
price of components and materials.  Within this section a summary of the actual 
expenses and estimated future purchases will be used to compare with an 
existing 100 W street light.  The difference in price will justify the cost-
effectiveness of the overall system. 
Based on the Bureau of Street Lighting in Los Angeles, the typical cost for 
installing a modern lighting system on most residential streets is about $3,400.  
From this value, a $200 cost was determined to be derived from just the fixture 
and bulb (when purchased in large quantities) [34].  The cost of implementing the 
designed system is summarized in Table 8-1.  
Table 8-1: Estimated cost of implementing designed stand-alone street light (excludes pole 
installation) 
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The cost of $819.63 represents the one-time cost of the designed system.  
From an initial comparison, the designed system is approximately four times the 
price of the 100 W HPS lighting fixture and filament.  The $200 cost of the 
modern system, however, does not include the price for operation. 
The main component driving the push for changes in roadway lighting 
pertains to the cost of electricity.  Since the designed system will solely rely on 
solar-powered source, the associated electrical cost is $0.  However, in the case 
of the modern lighting system, the yearly cost of operating the equivalent 100 W 
fixture, based on a 15.3 cents/kWhr in California, can be determined based on 
equation (8.1) as follows [35].  
 <+>*+*>j ¬>ZS ``[Z  /` `[Z1/*8 É1/¬> : +>*+>j1 (8.1) 
  /100 f1 ±4382.9065 v`² ±$Y.YYY%Nv ² 
  $67.058  j 
 The calculated electricity cost in equation (8.1) demonstrates the annual 
cost for operating only one streetlight.  If this value was used to model the 
electrical cost for all streetlights in Los Angeles (approximately 44,000 fixtures), 
the savings from replacing the modern system with the designed system within 
this thesis would save over $2.9 million a year [36]. 
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8.2—Next Generation of Work 
As described through the introduction of this thesis, the design and 
implementation of the light system serve as the preliminary stage for the overall 
goal.  The final design shall encompass an infrared detection system, which will 
be capable of triggering individual sections of the luminaire based on the 
following criteria: (1) the distance the pedestrian is away from the fixture’s span 
and (2) the number of individuals existing in the vicinity of the luminaire.   
This section serves as an introduction to the future work to be done.  As 
described through section 6.10, the luminaire will be controlled by two separate 
boost converters—each of which will power half the luminaire.  The sections 
were split based on the positioning of the DC/DC converters within the fixture.  
Figure 8-1 depicts the allocation of sections to each boost converter from the top-
view of the luminaire.  If one boost converter were to fail during operation, the 
fixture will still provide directional lighting across the required lit area.   
 
Figure 8-1: Allocation of sections to corresponding boost converter 
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The difference in color between the ten sections of the luminaire in Figure 
8-1 describes the two divisions that will be individually controlled by a separate 
boost converter.  Sections 1 – 5 will be powered by boost converter 2 and 
sections 6 – 10 will be powered by boost converter 1.  Figure 8-2 describes the 
overall layout of the converters and the wiring incorporated within the fixture and 
Figure 8-3 illustrates the connection scheme from the battery to luminaire. 
 
Figure 8-2: Connection configuration for powering the luminaire 
 
Figure 8-3: Connection block diagram of wiring shown in Figure 8-2 
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The battery terminals provide the voltage to be stepped-up through each 
boost converter.  Although not shown in Figure 8-2, the boost converters share a 
common input and ground with the battery as indicated in Figure 8-3.  All the 
ground rails from each section of the luminaire are connected to one common 
node, which is also shared by the output ground of the boost converters.  The 
middle protoboard shows the connection of all positive voltage rails for the 
luminaire and are numbered accordingly based on Figure 8-1.   
The final step requires choosing desired switching devices which can turn 
on selected sections of the luminaire.  When the switches are chosen, they will 
then be implemented onto the middle protoboard in Figure 8-2 and will be 
coordinated with an infrared feedback device.  With the thresholds established 
for the feedback device, the system will now be capable of triggering different 
sections of the luminaire based on the person’s distance and the amount of 
pedestrians within the fixed area that the light can provide adequate illumination. 
Lastly, the solar battery charger had a few complications that resulted in 
the undeveloped circuit.  The solar charger has been designed with the proper 
parameters and simulated with desired results as shown by the thorough 
descriptions in Chapter 6.  The next step requires implementing the charger on a 
PCB board or reattempting on a protoboard.  Tests should be performed 
accordingly to ensure that the battery charger operates as determined in the 
simulations. 
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8.3—Conclusion of Results 
 This thesis presented the first stage in the design and implementation of 
an LED luminaire system.  The resulting product displayed very favorable results 
in terms of the desired lighting and characteristics desired by the City of Los 
Angeles and the IESNA.  The LED luminaire design provides a more uniform 
distribution of light and is more cost-effective than its counterpart.   
To begin the process in designing the luminaire, Chapter 4 described the 
confining factors for sizing the system and selection of parts.  Analyzing several 
low-powered LEDs allowed justifications in optimizing the system for power 
efficiency and cost.  The information through a Gaussian approximation method 
described how using a line-of-sight model and surface tilt angles allowed 
achievable light spans.   
The calculations in Chapter 5 allowed estimations to be made based on 
the energy requirements by the luminaire and energy production by the 
photovoltaic module.  From the theoretical power consumption calculations for 
the system, a maximum operational time threshold was established to maintain a 
high battery state of charge.  This information paved way for determining whether 
a specific battery charger could be used for a chosen solar panel. 
With the selection of components to power the luminaire, a solar battery 
charger and DC/DC converters were designed and implemented in Chapter 6 to 
integrate the luminaire with the necessary power stage.  A thorough description 
of the design process for the battery charger and DC/DC converters served to 
respectively address how the battery would be replenish and how the desired 
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voltages will be obtained to power the luminaire.  
Lastly in Chapter 7, several tests were designed and implemented to 
demonstrate the effectiveness of the designed luminaire.  The results 
demonstrate the illumination capabilities of the light and the extent of which the 
brightness of the fixture could be perceived on three types of roadway 
pavements.  The analysis performed on the luminaire allowed a comparison of 
the fixture with the described requirements and typical roadway lighting 
luminance. 
In summation, this thesis demonstrated the feasibility and proper light 
distributions of the luminaire through the use of sectionalized lighting.  Future 
work will be able to utilize this portrayed information to demonstrate the light’s 
ability to provide directive lighting based on an individual’s movement. 
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Appendix A: Enclosure Dimensions 
 
